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ABSTRACT

There are longstanding interests in the effects during hypervelocity penetration of

projectiles and shaped charge jets through water and through submerged targets. The ef-

fects of apparent reaction during the penetration of reactive aluminum jets through an inert

fluid and water are examined in this research, where there is an attempt to differentiate the

causes of observed target deformation and volume displacement, using specially developed

routines in the ANSYS AUTODYN and WORKBENCH EXPLICIT DYNAMICS finite

difference code.

This reports covers shaped charge, penetration and metal combustion theory which

is crucial for the determined process. The jet criteria is examined using ANSYS AUTO-

DYN, determining the jet characteristics occurring which are likely to have strong influ-

ences on the penetration process. Furthermore, the penetration process is simulated by a

special developed technique using this software. Experimental and simulation results are

compared and possible reasons for observed differences are demonstrated and evaluated.

Finally, an explanation for the effects observed in the experiments, which is supported by

all available information, is provided.
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KURZZUSAMMENFASSUNG

Entwicklung von Techniken zur Untersuchung von Energiebeitr̈agen zur

Zieldeformation and Penetration bei Hochgeschwindigkeitseinschlägen von

Reaktiven Projektilen

Seit langem besteht Interesse an Verbrennungseffekten von Hochgeschwindigkeit-

sprojektilen und Hohlladungsstacheln bei Penetration von Wasser und von Wasser umgebener

Ziele. Die Besonderheiten bei der Penetration von inerten Fluiden und von Wasser durch

reaktive Hohlladungs- stachel aus Aluminium sind Gegenstand dieser Masterarbeit. Es

werden die Gr̈unde beobachteter Zielverformung mit Hilfe von speziellen Verfahren im

FEM-Code ANSYS AUTODYN und WORKBENCH EXPLICIT DYNAMICS untersucht.

Diese Masterarbeit befasst sich mit den Grundlagen von Hohlladungen, Penetra-

tionstheorie und Verbrennung von Metall, soweit für die untersuchten Prozesse relevant.

Die Characteristica von Hohlladungsstacheln werden auf ihren Einfluss auf den Penetra-

tionsprozess hin untersucht. Darüberhinaus wird der Prozess mit ANSYS AUTODYN

unter Zuhilfenahme spezieller Techniken untersucht. Experimentelle und simulatorische

Ergebnisse werden verglichen und die Gründe f̈ur die Unterschiede und aufgezeigt. Schlielich

wird eine durch die Beobachtungen und Ergebnisse gestützte Theorie f̈ur die beobachteten

Zielverformungen in den Experimenten erläutert.
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NOMENCLATURE

α Liner Angle

β Bend angle

δ Taylor angle

ǫ Strain

κ Isentropic Exponent

σ Stress
√
2E Gurney velocity

C Mass per unit ratio of an explosive

D Diameter of a burning particle

Ei Internal Energy

EOS Equation of state

l Jet length

LD Charge diameter

M Mass per unit ratio of metal

Mb Bending Moment

n Amount of Substance

P Penetration depth

q Line Load

R Gas constant:8.314 J
molK

Re Outer radius of the explosive

Ri Inner radius of the explosive

ReC Outer radius of the confinement

RiL Inner radius of the liner
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U Detonation velocity of an explosive
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v0 Initial velocity

Vn Volumen
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I. INTRODUCTION

A. MOTIVATION

High velocity impacts of combustible metals such as aluminum and hafnium in

oxide rich materials like halogenated polymers are known to cause blast effects, caused by

the reaction of the metal.

Although the effect is very likely in aqueous media and especially water submerged

targets with water being rich in oxygen, it is often ignored1, and the differences between

experimental results and hydro codes are mostly declared with uncertainties in the experi-

mental setups or the simulations.

The goal of this research is to determine the properties and circumstances lead-

ing to the combustion and to analyze the penetration process using ANSYS AUTODYN

hydrocode simulations. Additionally the magnitude of the involved energy is estimated.

B. EVIDENCE OF HYDRO REACTION

Experiments conducted at the University of Illinois2 by Glumac, Fant and Mason3

and at the Naval Postgraduate School and the Ernst-Mach-Institute by Brown and Dolak4

showed strong evidence for combustion effects in water submerged targets, with defor-

mations not explicable with the hydrodynamic theories which are usually used in impact

theory. These results are supported by residual analysis showing large ratios of reaction

products after penetrating aqueous media.

There are observed in these experiments substantial increases in light emission

along the penetration path and significant target deformations.

1See for example [Eld99]
2University of Illinois at Urbana-Champaign, refered to as UIUC.
3See [Mas10]
4See [Dol08]
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The observed deformations is the motivation of this researchdue to the possibility

of increasing the efficiency of shaped charge warheads in terms of increasing the demolition

ability if used against under water targets.

C. SYNOPSIS OF RESEARCH RESULTS

The results of this research can be divided in two main groups.

Firstly, it was proven that the observed target deformations can not be caused by

effects other than the reaction of the jet material with the target fluid.

Secondly, the amount of energy which is needed to cause those deformations was

estimated.

All results rest upon detailed examination of the process using simulations and an-

alytic methods as well as experiments.
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II. TECHNICAL BACKGROUND

The following chapter provides basic background needed for this research.

Initially the shaped charge is introduced and determined. This includes the jet form-

ing process and especially its characteristics which have a strong influence on the further

process.

The penetration process is evaluated and the influencing parameters are shown. A

simple but important analytic law for the description of the penetration process is intro-

duced, and parameters of the erosion of the jet in inert materials are shown.

To provide basic information potential of reactive shaped charge jets the reaction is

explained and the possible energy release of the metal combustion is estimated. Addition-

ally the potential increase of erosion due to the chemical reaction is discussed.

Furthermore the using of ANSYS AUTODYN hydrocode for shaped charge re-

search is introduced and explained.

Finally previous studies are displayed and evaluated.

A. TECHNICAL BACKGROUND OF THE SHAPED CHARGE

1. Introduction into Shaped Charges

In a shaped charge a -in most cases- conical cavity in the explosive is covered with

a liner. If the explosive detonates, a small portion of the liner material is formed into a

hypervelocity jet which is able to penetrate deep even in very strong targets.

In the following section a briefly overview of the aspects of a shaped charge is

provided5.

a. Short History of the Shaped Charge

The first scientific demonstration of the shaped charge effect was realized

by von Foerster, a German, in 1883. It was rediscovered by Charles E. Munroe, a US-Navy

5The section is mostly based on [Zuk98]. This source gives a very detailed overview for all aspects of
shaped charges, and is highly recommended for everyone who is interested in this topic.
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Officer in 18886. He discovered that a cavity between an explosive and a surface causes

more damage to the surface than the sheer explosive would.

It was discovered later that applying a liner on the surface of the cavity im-

proves the penetration capability. In late 1930 military uses of the effect where determined,

and finally the first deployment was done by German paratroopers in the fights by Fort

Eben-Emael in Belgium, where lined shaped charges where used to destroy armored tur-

rets. Later the principle was used in anti-tank weapons as Bazooka and Panzerfaust, and is

used today in similar weapons.

b. Terms and Definitions of Shaped Charges

LD

α

WD

Liner

CaseExplosive

Detonator

Rotational Axis

ǫ

Figure 1: Main dimensions and build up of a shaped charge

Figure 1 gives an overview of the main parameters and build-up describing a

shaped charge used in this work. The charge is rotationally symmetric. It can be described

as aCase, filled with Explosive, which will be initiated from the left by aDetonator.

The explosive forms a cavity, mostly conical in shape, which is layered by aLiner. The

liner is mostly metal, but can be any stable material. Due to the principles of the process,

6After Munroe the effect is called ’Munroe-effect’. It describes the function without a liner.
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mostly the density is important. Even glass or water could, theoretically, form a shaped

charge jet.

The main dimensions are the charge diameterLD7, the liner angleα and

the liner thicknessǫ. WD describes the warhead diameter.

2. Jet Forming Process

Figure 2: Progress of the collapse and the jet formation of a shaped charge [Zuk98]

When the explosive is initiated, the detonation front travels along the charge. As it

hits the liner, the material is facing very high pressures (someGPa) and therefore begins to

flow8 very fast towards the center of the cavity. Because of the extreme high pressures and

7Or caliber of the charge
8The liner ”‘collapses”’
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velocities, any material behaves like a fluid. Shearstrengthcan be ignored. As mentioned

before, the main determining factor of the behavior of the liner material is the thickness

and the density.

The charge being symmetric, the material is forced to flow in the direction of the

rotationally axis. This process forms a very fast traveling jet and a relatively slow traveling

slug, depending on where the material flows. The jet is responsible for the penetration.

It is impossible to describe the process analytically. But it can be described with

relative easy theories, which estimations lead to reasonable results.

a. Estimating the Jet and Slug Velocities using the PER Theory

α

β
δ

vk K

D β : Bendangle
α : Linerangle
δ : Taylorangle
vk : Collapse−
velocity

K : Collapsepoint
D : Detonation front

Figure 3: Geometric parameters of a collapsing liner used for the velocity estimations in
the PER theory

The PER-Theory provides a principle to estimate particle velocities respect-

ing the angle between shock wave and liner and also the different velocities which will oc-

cur along the jet. The main presumptions are that the metal is accelerated instantaneously

and that material strength and compressibility can be neglected. This allows to find the

final jet velocity with relatively easy geometrical and fluid dynamic considerations.

In figure 3 the main geometric parameters are given, supplemented with

figure 4. The key to the model is the Taylor angle, which can be found by equation 1.

HereinU is the detonation velocity of the explosive.
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vk C

v0 θ

β

Figure 4: Detail of figure 3 showing the relevant velocities

sin
δ

2
=

v0

2U
(1)

The Taylor angle respects the fact that the particles are not accelerated nor-

mal to the metal surface. Using the equations which root in the geometry given above, even

a cylinder, wrapped with explosive will collapse with an angle towards the rotationally axis

if initiated from one side. The simple model used here can be found in [Wil03] [Sch10], and

[Zuk98]. It is a summary of the Taylor- and the PER model and results in simple equations

to estimate the jet velocity and the masses of the slug and the jet of a shaped charge.

These equations will need the bending angleβ. This angle varies by the

material combination, the detonation velocity and, of course, the geometry. It can either

be gathered by experiments or can be estimated knowing the particle velocity from Gurney

(See section b) and refers directly to the Taylor angle being the sum ofδ andα.

β = α + 2 · arcsin v0

2U
(2)

With that information many important parameters can be estimated. For ex-

ample it could be useful to know which parts of the liners mass go into the jet and which

7



into the slug. The collapse point being defined as the point of origin of the coordinate sys-

tem and therefore being the inertial system, one can use the Bernoulli equation to describe

the process [Wil03]. Estimating an stationary adiabatic process with an incompressible

fluid one can easily find that the masses will follow equation 3 and 4, correlating only with

the mass of the whole liner andβ9.

mJet =
1

2
mLiner(1− cos β) (3)

mSlug =
1

2
mLiner(1 + cos β) (4)

The velocity of the jet will be provided by the equation 5.

vjet =
v0

sin
(

β
2

) · cos
(

α + δ − β

2

)

(5)

One important initial information needed for the PER theory is the initial

velocity of the liner particles. This velocity can be estimated by the following approaches.

b. Estimating the Particle Velocities with Gurney Equations

The Gurney Equations are easy way to estimate initial velocities of material

which is accelerated by an explosion and can therefore provide the missing value for the

PER theory.

The equations are based on a simple assumption: the chemical energy of the

explosive is converted directly in the kinetic energy of the accelerated material, explosion

products and the metal. The initial velocity is reached instantaneously. The explosive-

specific Gurney-Energy is added to take account of the thermodynamic losses. So basi-

cally the model is based on the conservation of momentum and energy, supplemented by a

correctional term.
9It can be seen, that a smaller liner angle, which leads to a smallerβ will decrease the mass flowing into

the jet.
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Figure 5 provides a simple cylindric configuration of explosive and metal

and the equation 6 shows how to estimate the initial velocity of the metal particles.

Explosive(C)

Metal(M)

Figure 5: Example of a Gurney configuration: a cylindric metal tube filled with explosive
[Zuk98].

v0 =
√
2E

[

M

C
+

1

2

]
1

2

(6)

In the equationM andC in M
C

are the masses of the metal and the explo-

sive10, andv0 is the absolute initial velocity. The expression
√
2E describes the Gurney-

velocity, being calculated out of the Gurney energy E, which is a mass specific experimental

gained value. It includes all the losses explained above and is explosion specific. To give

an example, for PETN with a density of1.76 g
cm3 it is 2.93km

s
11.

There are some restrictions to the use of the model. TheM overC ratio, for

example, should be within0.2 to 10. And of course it can not provide information about the

time till the metal reaches its full velocity due to its presumptions. But the main restriction

regarding shaped charges is the fact that Gurney estimates a shock wave traveling normal

to the surface of the metal. In a shaped charge build-up it will travel with an angle though.

Also theM
C

ratio changes within the charge. Therefore there is no Gurney equation which

is able to provide an initial particle velocity for the whole liner, so the initial velocity will

differ.
10Which descriptions are used forM andC is depending on the configuration. If it is e.g. a metal plate

with a layer of explosives,M andC should be given in mass units per area units.
11See, for example, [Hom02]
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c. Estimating the Particle Velocity with a Chanteret Equation

There are some assumptions in the Gurney equations which restrict the use

of the Gurney formula. The main constraint is the angle that occurs between the detonation

front and the metal liner. In the Gurney model the front always hits the liner normal to its

surface.

Chanteret [Fli86] developed a model to calculate the initial velocities using

a control volume approach. It is basically a modified Gurney equation.

α

Ri RiLReReC

Rx

Liner

Confinement

Figure 6: Used dimensions of the liner for the Chanteret velocity estimation.

The basic assumption is that the liner part is modeled as a cylinder12. The

radius of the cylinder is calculated first. This has to be done all over the liner, so the

solution is discrete. Figure 6 gives the needed dimensional parameters. The black vertical

line indicates the actual location of the detonation wave.

The theoretical radiusRx is the solution of equation 7:

12Also it is assumed that the metal reaches its final velocity instantaneously like in the Gurney model.
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R3
x + 3Rx

[

(Re +Ri) ·
ρ0

ρCJ

· Me

C
·Re +RiRe

]

−3RiRe (Re +Ri)

[

2

3
+

ρ0

ρCJ

· Mi +Me

C

]

= 0

(7)

Here areMi, Me andC the mass ratios per length unit of the liner, the

confinement and the explosive. The densitiesρ0 andρCJ are the original and the Chapman-

Jouguet densities of the explosive

If the radius is known,v0 can be calculated with equation 8

v0 =
1

2
·

√
2E

√

(

R2
e−R2

i

R2
e−R2

i

)

Mi

C
+ 1

6

(8)

Using this velocity as an input parameter for the PER theory it provides

results like explained below.

d. An Example Calculation for the Chanteret/PER Solution

With Chanteret and PER combined it is possible to approximate the jet ve-

locities. The initial velocities must be calculated for each radius of the liner and then used

to estimate the resulting jet velocity of this part.

In figure 7 the velocities of the Chanteret-Jet are compared with those of a

jet simulation. Both are done for a50mm shaped charge with a angle of21, like used in

the experiments at the UIUC which are the basis for this research13. The explosive isNM ,

the liner material is aluminum and the confinement is made of steel.

The difference in the tip is easy explained. The model lacks, like all Gurney

estimations, of the fact that it takes time to accelerate the material, while it is assumed that

it reaches the velocity instantaneously in the model. Therefore the tip is slower in reality

than in the model.
13More detailed information on this charge can be found in IIF2 as well es in the appendices B and A.
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Figure 7: Velocities of the Chanteret-jet and the AUTODYN simulation for the50mm
charge with NM over the x dimension of the jet

Also the jet is slower in the later parts, because of the losses in the plastic

and elastic work that is done14.

Tabular 1 compares the tip velocities from Chanteret with the experimental

data from [Mas10]15 and a simulation made in AUTODYN, for the actual50mm charge

which is of interest in this research.

Chanteret Experiment Simulation

V̂Jet in
m
s

6790 6180 6130
Difference to Chanteret 9.8% 10.7%

Table 1: Comparison the Chanteret-Jet with experimental and simulation data

The values16 used for the explosives are given in tabular 2.

All these equations can, of course, only give a rough estimation of the pa-

rameters of a shaped charge. But they are very useful to get a first overview before starting

14See also IIA4b
15See also IID
16Compare [Coo96] and [Zuk97]
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ρ0 in
g

cm3 ρCJ in
g

cm3 U in m
s

√
2E in m

s

NM 1.128 1.607 6290 2410

Table 2: Values for the Chanteret calculation

simulations and experiments.

To estimate the processes and characteristics much more exactly finite el-

ement methods must be used. They include all the processes and properties which are

neglected or cannot be included in simple analytic estimations and therefore provide much

more exact results.

e. Influences on the jet and the jetting process

The forming of the jet is a very sensitive process. Small changes in the

circumstances can disturb it seriously. Some influences are listed below.

• The liner angle is the one key factor for the behavior of the shape. The smaller the

angle, the faster the jet. But also the jet mass decreases (See equation 3), and the jet

becomes more instable.

• Because of equation 2 and 5 the detonation velocity of the explosive is also respon-

sible for jet velocity, as is the density of liner material and explosive.

• The machining and assembling of the charge must meet special requirements. If

cavities between explosive and liner exist, the Munroe effect will destroy the liner

and disturb the formation. Also any antisymmetry in the liner will disturb the flow.

The particles will not meet in the rotationally axis and therefore the jet will, for

example, lack of velocity.

These are some examples for important parameters for shaped charges. Some

others will be explained in the next sections.
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3. Characteristics of the Jet

Figure 8 shows the jet which was produced by the charge discussed in this research

at the stand of distance of127mm, or 35.1µs after the initiation. The different parts are

marked. The detailed characteristics are described in the following sections.

TailSlug T ip

Figure 8: The aluminum jet from the50mm UIUC charge after the forming process from
AUTODYN predictions. The slug, tail and tip are marked. The tail will stretch continuously
after this time.

a. Gradient of Velocities

The velocity of the jet is not the same in all parts. The tip contains the

fastest particles; then the velocity is decreasing over the length of the jet till it reaches the

minimum in the slug. In figure 9 an example for the velocity versus the x-axis of the jet is

given. Here x is measured from the tip to the tail of the jet17.

While the tip velocity reaches more than6km
s

in the example, the after end

tail will only reach1km
s

, and the slug will be even slower (about0.6km
s

).

The first parts of the tip are slightly slower than the fastest parts. The reason

for this effect is the fact that the first parts of the liner, which are very close to the rotational

axis, cannot be accelerated to the maximal possible velocity till they are reaching the axis.

Therefore the fastest parts are situated a little bit further.

17Note that this is the initial jet length directly after the formation. Due to the velocity gradient explained
below this length increases during the process.
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Figure 9: Graph of velocity vs. x of the 50mm aluminum jet with a liner angle of21 as
used in the experiments at the UIUC, gathered from a AUTODYN simulation

b. Temperature

The jet material is heavily reshaped in the forming process. This leads to a

increased temperature of the jet. Because of the short time the heat of explosion will not

influence the jet much, neither there is much conduction, and therefore the temperature is

surprisingly low in the area of ca.850 to 900K[Haz06]18.

Walters and Zukas [Zuk98] are predicting the temperature to be more than

the melting temperature of the material in peak and between0.2 to 0.519 times in average,

which gives temperatures between400 and600K for aluminum jets.

Von Holle and Trimble [Tri76] measured explosively driven copper plates

and copper jets, formed by shaped charges using Composite B and Octol as explosives.

The average jet temperature for Composite B was700K and840K for Octol.

On the other hand the temperature will rise much when the jet is penetrating.

The heat will, due to the high velocity again, have no time to flow deep into the jet. For this

18This value was measured in experiments, using thermo graph cameras and copper jets.
19Based on the temperature in◦C
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reason the eroded particles will carry most of the heat, whichleads to high temperature of

the eroded particles, both of the jet and the target material.

c. Particulation

Due to the gradient of velocity the jet sees tensile stress. This stress will

increase along the movement. Therefore the jet tends to particulate. This effect depends on

the velocity gradient, the distance till the jet is eroded and the jet material.

Another reason why jets can particulate is the exceeding of certain flow

velocities. The effect is described in I4b.

The particulation can have an influence on the penetration performance, es-

pecially when the parts will not be in the same axis when impacting. Particulation can also

lead to an unstable jet, which will decrease the performance strikingly.

d. Mass Distribution along the Jet

The ratio of mass over length is increasing from the tip to the tail of the jet.

This is caused by the elongation and the increasing radius.

The elongation leads to a difference in density. The density will be lower as

the natural density of the material. During the formation process there are also flow effects

which decrease the density. The effect is explained more detailed in II4b.

Another and even stronger reason is the difference in radius over the length.

The tip is usually very thin; then the radius increases till it reaches its maximum at the end

of the jet. Therefore the slower parts of the jet are containing more mass than the faster

parts next to the tip.

The tip again contains more mass due to the effect explained above.

In figure 10 the velocity over the cumulative mass for the50mm jet is

shown.

4. Applicational Characteristics

There are some parameters which must be considered when a shaped charge is

deployed due to the very unique and sensitive process.
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Figure 10: Velocity over the cumulative mass of the50mm jet as used in the experiments
at the UIUC, gathered from a AUTODYN simulation

a. Stand-Off Distance

To achieve the maximum penetration performance the charge must be initi-

ated at a certain distance from the target. This distance is called the stand-off.

Like shown below in section IIAB the penetration depth is linearly depen-

dent from the total lengthl of the jet. The jet is stretching because of the velocity gradient.

If the stand-off distance is to small the jet will be rather short and therefore lack in perfor-

mance.

On the other hand, when the stand-off distance is too big, the jet will begin

to particulate, and the total length of the jet stops to increase. Also the particles are more

sensitive for disturbances and can tumble out of the axis, which decreases the effective

jet length and therefore the performance. This leads to the situation like shown in figure

11: until a certain point the influence of the elongation overbalances the influence of the

particulation and vice versa.
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Figure 11: Principle of penetration depth over charge diameter versus stand-off over charge
diameter with optimal stand-off.[Zuk98]

It has been found that the optimal stand-off distance for high performance

charges lies between6 to 10 times the charge diameter, depending also on the liner angle

and the material.

b. Maximum Jet Velocity

The theoretical limit for the jet velocity is provided by the Birkhoff et al.

theory20. The smallest possible liner angle is0, which means that the liner has the form of

a cylinder. Under this condition of instantaneous collapse the theoretical velocity is than

twice the detonation velocity of the explosive with a jet mass equal to zero.

Indeed, experiments showed very high jet velocities; but the performance is

relatively poor due to the vast particulation, and the small amount of mass flowing into the

jet.

However, the real limiting velocity is far below the theory. There is a maxi-

mum flow velocity which is linear to the bulk sound velocity of the liner material. Beyond

this flow velocity the jet becomes incoherent. The effect is referred to as bifurcation.

20This was the first theory which described the formation process mathematically. It assumes the liner to
be a wedge instead of a cone, and also ignores all strengths. It does not provide the fact that the jet has a
velocity gradient, but is useful to calculate the theoretical limitations for the process.
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It was shown in the 1970’s that this maximum velocity is1.23 times the

sound velocityC0 for copper. If this velocity is exceeded during the forming process the

material will produce a spray of particles instead of producing a coherent jet.

Hirsch and Mayseless [May07] found the reason for this effect in the com-

pressibility of the material, which is normally ignored in the shaped charge theories. The

high velocity compresses the liner material during the collapse, when the direction of the

flow changes from towards the rotational axis along the axis. Then the material releases

this inner pressure during its flow elastically. The resulting strain overvalues the strength of

the material and forces the jet to particulate tangential to the axis, literal producing a spray

of particles.

The factor for the maximum velocity differs for each material; Hirsch and

Mayseless provided them as1.231 for copper and1.222 for aluminum.

B. CHARACTERISTICS OF THE PENETRATION PROCESS

General comments regarding jet formation and resulting material characteristics

are presented in the following paragraphs along with specific features of the aluminum jet

generated by the shaped charge fabricated and tested at the UIUC.

1. Penetration Process

As mentioned before, a shaped charge jet will achieve very high velocities of some

kilometers per second21. The velocity when impacting the target will be higher than the

sound velocities of the participating materials. The pressures will be much higher than any

strength. Roughly said, the only parameter standing against the impact is the inertia of the

target particles, like in the jet forming process. This assumed, the penetration of a solid

target can be described very easily with the square root-rho-law. The basic requirement for

this a high velocity of the penetrating material. The approach should not be used below

3km
s

.

21High performance charge jets exceed10km
s

. The charge which is used in this research is relatively slow
with a tip velocity around6km

s
, which is due to the relatively slow detonation velocity of the NM.
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Figure 12: Principle of the penetration process [Zuk98]

The penetration can be seen as an adiabatic, stationary process in which shear

strength of jet and target material can be ignored. Therefore the process can be imagined

as a liquid jet penetrating a liquid target. In figure 12 the process is shown. If the origin of

the coordinate system is in the pointS, where the jet hits the target, the observer sees the

target coming from the right with the penetration velocityu and the jet coming from the

left with the the jet velocity in the inertial systemvjet minus the penetration velocity22:

vjet,theoretical = vjet − u (9)

The whole process can now be described by a simplified Bernoulli formula, assum-

ing that the ram pressure in the meeting point is equal on both sides:

1

2
ρjet(vjet − u)2 =

1

2
ρtargetu

2 (10)

Defining a penetration timet and knowing that the process is stationary and begins

instantaneously, with the equation 11

l

vjet − u
= t =

P

u
(11)

22Compare [Sch10][Zuk98]
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in which l is the length of the jet andP the total penetration depth, the ratioP
l

turns

out to be

P

l
=

√

ρjet

ρtarget
(12)

The penetration depth depends only on the length of the jet and the ratio of the

denses.

2. Erosion of the Jet in Inert Materials

When the jet penetrates the target (and also when it moves through air) it erodes.

Dolak [Dol08] gives a very detailed overview on the erosion and the involved influences

on the jet material in his work. Following, the main properties are summarized.

Erosion in the jet and in the target is mostly caused by the inertia of the materials.

Both bodies can be assumed as mass points with no connection to each other. The dif-

ference in velocities of the jet and the target particles forces them to transfer momentum,

which leads to the known results23. Both materials will flow away from the penetration

point. This process will stop either when the jet ends or the jet particles are to slow, and the

process begins to be influenced by shear strengths again, where it becomes very difficult to

describe.

However, there are some effects that should be considered during the process, es-

pecially when slower parts are involved.

a. Projectile Heating and Thermal Softening

Of course the friction and the forming processes during the penetration will

result in heating of the involved parts. The heating will be concentrated on the actual

penetration front, because of the short time period the process takes. When a particle is

heated up, it already will be eroded, leaving no realistic possibility to let the heat flow in

the following parts of the jet. Therefore the zone of influence is very small on the tip of the

jet.

23Also discussed in IIA1
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Figure 13: Example of a Stress-Strain diagram for steel

However, due to the short time the plastic strain on the material will lead to

a adiabatic heating of the particles and the erosion front, which could have an influence on

the erosion rate because of thermal softening. Still, the main reason for the erosion is the

inertia discussed above.

b. Hardening Effects

If a material is suspended under stress, it reacts with elongation or strain.

There are different stages of the deformation, starting with elastic strain over plastic strain,

which will stay after the stress is released till the stress exceeds the material strength and it

fails. Figure 13 shows an example for this material behavior.

In the penetration process, the stress usually exceeds the material strength

by magnitudes, forcing the material tho fail instantaneously. However, there is the effect of

strain-rate hardening that should be considered.

The response of the material on stress depends on the strain rate24. In a dy-

namic process the material is more resistant to stress if the strain rate is increasing.

24There is also a hardening effect if the material is suspended to stress repeatedly.
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The effects of thermal softening and strain rate hardening are working in

opposite direction. At high velocities their influence is considered to be relatively small.

However, especially the heating of the particles can be very important because of their

influence on the combustion process25.

C. COMBUSTION OF METAL AND POTENTIAL ENERGY RELEASE

The difference in the mode of operation between a reactive and a non reactive

shaped charge liner is in the energy release of the combustion of the active material, which

in this work will be aluminum. To estimate this reaction a short review of the procedures is

needed.

1. Reaction of Aluminum and Water

Aluminum is a very reactive material. Even in air, pure aluminum reacts instan-

taneously with oxygen to aluminum oxide or alumina. In water, which is rich in bound

oxygen, the process also occurs. Dolak [Dol08] gives a detailed review of the reaction

process and the released energy in water and also in hydrogen peroxide, which contains

even more oxygen. The chemical reaction is described by formula 13 for the first reaction

hierarchy.

Al + 3H2O → AL(OH)3 +
3

2
H2 (13)

This reaction will lead to a energy release of99.3 kcal permol or 15.4 kJ pergram

of reacting aluminum.

Also the hydrogen reacts back to water, which releases an additional68.3 kcal per

mol.
25See IVC
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2. Potential Energy Release Approximation

The maximum possible energy release from the aluminum jet generated in the

UIUC experiment can be approximated based on the PER theory and the known chem-

istry by a back-of-the-envelope evaluation.

The liner which Mason used in his work contains approximately26 22g of Alu-

minum as reactive material. As explained in equation 3 the mass of the jet is depending on

the collapse angleβ. The edge case where the mass reaches its maximum will occur when

cos(β) reaches its minimum, therefore whenβ is 90. In this case the mass of the jet will be

half the mass of the liner. In reality the jet mass will achieve values between15 to 20% of

the total liner mass.

The slug is not evaluated, because only the surface of the slug will oxidize. The jet

will particulate while penetrating the target and could burn totally because of the big total

surface of the particles.

Aluminum has a atomic weight of26.98 g
mol

[Pal02]. This leads to a amount of

energy of16kcal or 67.8kJ for the combustion of4.4g of aluminum. The kinetic energy of

the jet, which travels at a mean velocity of approximately4km
s

will be ca.36kJ . Therefore

the potential energy release is in the same magnitude as the kinetic energy of the jet, even

if only 50% or less of the jet would react.

Nevertheless it must be considered that the combustion is a very slow process com-

pared with the penetration; but after all the possible effect of the blast resulting from the

chemical reaction could be very impressive, like seen in Masons Experiments.

3. Erosion in Reactive Materials

During the penetration of reactive material the additional chemistry has an influence

on the process. Like recent experiments showed the jet is eroded more when penetrating

reactive materials.

This stronger erosion is expected to be caused by two effects: (i) the reaction itself

which influences the material structure and (ii) the heat resulting from oxidation.

26See [Mas10], Table 4.2 ,p. 44
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The reaction itself, if happening directly at the erosion front, weakens the struc-

ture of the material. When the aluminum reacts to alumina, the size of the molecules is

increasing, disturbing the order of the material.

Additionally the resulting heat could increase the thermal softening up to potential

melting of the material, which also would lead to more erosion.

Both effects are expected to have more influence in the slower parts of the jet, where

the hydrodynamic penetration theory becomes more inaccurate and material strength must

be considered.

D. DESCRIPTION OF PRELIMINARY EXPERIMENTS AT THE UIUC

Mason and Glumac [Mas10] did experimental work at the UIUC were a50mm

shaped charge with a reactive aluminum liner and nitromethane as explosive was fired into

a stack of steel plates submerged by water and oil. Figure 14 shows the stack.

Plate 9

Figure 14: Picture of the plate array that was used in the experiments. The charge is set on
the thick plate on the top. In the best tests the jet penetrated till the marked plate 9.

These experiments are the most important ones for this research, and are therefore

described more detailed in this section. The basic submerged plate array and the tank are
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described in appenidx A. Also the liner and charge dimensionscan be found in appendix

B.

The experimental setup consists of the charge, the steel plate stack and a steel tank

containing the stack and the fluid. The fluid level and the distance of the first plate to the

basis of the charge is kept constant to maintain an equal stand off distance in all tests.

In the experiments several data was gathered of the jet.

The jet tip velocity was measured using a laser beam and photo diodes.

Also the time when the jet reached the plates was measured. A metallic foil was

attached on top of each plate, isolated from that by adhesive and connected with a measur-

ing wire. When the jet tip hit a plate, it closed the circuit between the foil and the plate.

The resulting voltage drop could be measured, thus providing the time of arrival of the jet

at this plate.

Three tests were conducted with this setup, two in water and one in oil. They are

referred to as Test11, 12 and 13. An overview of these tests and the additional tests which

were done during this research can be found in appendix C.

The observations are described below.

E. OVERVIEW OF EXPERIMENTAL EVIDENCE FOR THE REACTION

To study the effects of reactive jets a lot of work was done in the past. Early work

on the NPS dates back to the 1980s ([Sha86] and [Koh85]).

Experimental work containing aluminum rods and reactive effects during penetra-

tion was done at the NPS and the Ernst-Mach-Institute by Dolak ([Dol08]).

Fant and Mason ([Fan08], [Mas10]) did experimental work at the University of

Illinois in Urbana-Champaign.
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1. Qualitative Evidence

Mason [Mas10] fired shaped charges into spaced steel targets, using different liners

and sizes. Liner velocities and plate deformations where measured, supplemented by the

measurement of time of arrival27 data at the plates and velocity information.

He observed a very huge difference in the plate deformation when the aluminum

jet was fired into reactive material, while in a test with oil as submerging liquid the plates

were not deformed remarkably28.

Figure 15 shows the deformation in the target for the water (left) and the oil (right)

test. The red line marks the same plate in both arrays. This plate, plate number 10, was the

first one which was not penetrated in both experiments. While the penetration performance

was the same much more deformation was observed in the water test, being more than

10mm at the center while none was measured in the oil test at all.

Figure 15: Comparison of the plate deformation in the water test (left) and the oil test
(right). The red line indicates the same plate in both tests. Note the strong deformation in
the water test.

27TOA
28The tests which are discussed in this thesis are mainly Tests 11, 12 and 13. While 11 and 12 used water,

Test 13 used oil. A comparison of the deformation in Test 12 and 13 is provided in appendix D.
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Also it was observed, that the deformation took place in the last plates mostly,

before the penetration stopped. The effect seems to be much stronger from the tail of the

jet.

2. Spectroscopy

During the work of Brian Fant [Fan08], who also fired aluminum shaped charge

jets into plate arrays29, the residual from the aluminum jet were analyzed, both in oil and in

water and additionally in hydrogen peroxide which has even more reactive potential than

water.

It was shown that much more alumina was formed when fired into the water or

peroxide instead of the inert oil. This was done in two ways, by (i) finding a strong increase

in the spectroscopic lines of alumina during the process itself and (ii) by analyzing the

residual after the test.

The spectroscopic analysis of the collected residua is shown in table 3. Note that

almost a third of the initial available aluminum has reacted in theH2O2 Tests, while only

5% of aluminum oxide was detected in the oil test.

Test Liquid # of Tests Collected Residue Mass ing Percentage ofAl reacted toAl2O3

Oil 1 1.33 4.8%
Water 2 1.78 28.3%± 1.5
H2O2 2 1.47 32.5%± 6.8

Table 3: Residual Analysis for the reactive jet fired into submerged steel targets [Fan08].

3. Calorimetry

Fant also measured the light emission during the penetration over penetration depth

and time. The results can be seen in figure 16. The emission increases over the penetration

depth, reaching its maximum right before the first not penetrated plate, where also the

strongest deformation occurred. Additionally the emission lasted for more than1ms, which

makes it very likely to be caused by the combustion of the aluminum.
29Fant also saw very impressive deformations, but used other plate dimensions.
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Figure 16: Light emission over time and penetration depth of aaluminum jet into stacked
steel plates submerged by water from [Fan08].

4. Controlled Penetration Experiments

Dolak [Dol08] conducted experiments at the NPS and the EMI where aluminum

rods were fired into target tanks filled with oil, water and hydrogen peroxide at a velocity

in the area of2700 to 3700m
s

. Steel plates were mounted in the tanks to examine the

penetration process.

He found strong evidence of increasing oxidation with the reactivity of the fluid,

and a small trend to the increase of deformation of the target plates.

Recently realized tests are showing evidences for increasing erosion within reactive

materials.

F. USING ANSYS AUTODYN FOR SHAPED CHARGE RESEARCH

Basis for all further research and simulations is the simulation of the jet and the

investigation of its characteristics at the stand off distance.
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Simulating shaped charges in AUTODYN is a very common technique. The cred-

ibility of the results was validated in many works30 and the matching of simulations and

experiments was found to be very good.

The following sections are providing a brief overview on the characteristics of the

software and the setup which was chosen for the jetting simulations.

1. Basics of ANSYS AUTODYN Shaped Charge Calculations

ANSYS AUTODYN is a software for multiphysic computations. It contains differ-

ent solvers and an extensive material library, including explosives.

There are two kinds of solver techniques which were used in this research, La-

grangian and Eulerian solvers31 and combinations of them.

A Lagrangian solver forms meshed bodies which are filled with material. During

the computation process the mesh deforms. To maintain reasonable time steps32 degener-

ated cells have to be removed. Due to its characteristics the Lagrangian solver is suitable

for structural mechanics, and certain penetration problems.

An Eulerian solver, on the other hand, consists of a stable mesh which forms an area

and is filled with material in those parts which represent the calculated bodies. During the

computation the material flows through the mesh. Therefore the Eulerian solver is suitable

for fluid dynamics and, of course, explosions.

The calculation of jet forming processes is only feasible using Eulerian solvers. The

reason is that the flow of the liner material would degenerate the liner cells in a way which

would force the solver to erode most of them, which would keep their inertia and mass

but not complete behavior. Additionally the time step would decrease strongly during the

process.

30To name an example, [Has10], [Duo05], [Dol08] or examples from the manufacturer in [SAS10]
31AUTODYN also provides the SPH or Smoothed Particle Hydrodynamics solver, which is mesh free.
32The time step is one major parameter in FEM computations. It is the interval which is calculated in

each circle during the computation. The time step is adjusted to the mesh size to ensure that no information,
material or force (e.g. a shock wave) can travel further than one cell during the cycle to maintain accuracy,
and therefore is calculated by the ratio of the dimension of a cell over the sound velocity of the material, or
the fastest velocity occurring. Therefore a smaller mesh does not only lead to more cells to compute but also
to smaller time steps, which both increases computation time.
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2. Simulations of the Charge Used for the Reserach

Figure 17 shows the setup which was used in the jetting simulations. It matches

the assembly of the charge used in the experiments described below, not including the

detonator. Simulating the detonator would only increase the complexity of the simulation

without providing more accuracy, so the charge is initiated by a line of detonation points

instead of the detonator used. Differences between the simulation and the experiments are

much more influenced by things like charge imperfections.

Liner

Confinement

Explosive

Symmetry Axis

Detonator Line

Figure 17: Setup of the UIUC charge used for the simulation.

The charge is simulated in a 2D- setup, which allows to keep the number of cells

reasonable small.
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The complete liner and confinement dimensions can be found in the appendices B

and A.

3. Gathering Jet Information

The jet which is resulting out of this simulation is used in several parts of the this

research. Figure 8 in section II3 shows the jet as it reached the stand off distance in the

simulation.

All the jet data that was used throughout this research was gathered at this point.

AUTODYN provides the possibility to remap data into other simulations, which allows to

simulate the forming process itself once and using the jet in different calculations.

For the use of the jet data in MATLAB the PROFILE PLOT tool was used. This

allows to export information along a linear path in the mesh. Every cell can be determined

and the wanted data like velocity, density, internal energy or temperature can be extracted.

This technique provides very detailed data of the complete jet.

Despite all its advantages AUTODYN cannot simulate all effects involved in the

process. While the physical processes are all reproduced the chemical reaction involved is

not included due to its very high complexity.

The simulation of the explosives, for example, is not calculated by the simulating

the actual reaction but by using models describing the parameters mostly empirical.

Simulating combustion processes alone is a very complex and difficult issue, but

simulating it in combination with the fluid and the penetration processes would be ex-

tremely difficult and beyond the scope of this research. Therefore other approaches must

be developed to determine the observed behavior.
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III. RESEARCH GOAL AND OBJECTIVES

Several properties and characteristics of the processes described above are unknown

so far.

Although the combustion of the reactive liner material as the cause for the observed

deformation in specific target plates is very likely, any other possibilities such as flow ef-

fects due to the submerging liquid or kinetic effects of the penetrating jet itself must be

excluded.

Additionally, the amount of mass distributed in the various parts of the target and,

linear to that, potential chemical energy is unknown. This information is crucial for further

understanding of the process.

Furthermore the energy which is dissipated into plastic work in the target plates is

unidentified.

The main goals of this research are to (i) analyze the penetration process to deter-

mine the jet portions and the mass distribution in the target which is responsible for the

observed deformation and (ii) to estimate the energy needed to perform this deformation.

First of all a technique must be developed which allows to compute the penetration

process. The high complexity of a multi material target in combination with the wide

magnitude of involved velocities requires special methods of computing. This includes

specific investigation on jet characteristics because this information is needed to estimate

mass distribution in the different parts of the target.

Additionally, the simulations must be validated by comparing with available exper-

imental data, and the reasons for eventually occurring differences must be determined.

Also a technique is needed which allows to estimate the mass distribution out of

experimental data. The experimental results vary naturally due to differences in charge

characteristics such as production quality and the mixture and state of the explosive.
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Finally, different approaches need to be developed and tested to compute the de-

formation process. The chosen approach must not only deliver matching results but also

provide energy information concerning the plastic deformation of the plate and, if possible,

of the involved flow processes in the submerging liquid.
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IV. NATURE OF THE PROBLEM

A. PROPERTIES AND PROBLEMS OF TARGET SIMULATIONS

Simulating the complete penetration process at once is very complicated due to the

dimensions of the experimental setup, and the range of the involved velocities of the jet

which vary over almost a magnitude. Two approaches were initially conducted.

A coarse full simulation was done to gather basic information about the behavior

of the jet and to validate the simulation results with the experimental data. However, the

technique is not feasible for finer meshes in reasonable computation times. It was observed

that a common technique where parts are added over the time when the jet tip reaches the

end of one part33 produced very small time steps in the area of1 · 10−10ms caused by

the interaction between the parts, which would lead to simulation times of some decades.

Simulating the process in this manner was found to be feasible only if done coarse, but still

very slow due to the amount of cells needed to cover the dimensions34. Therefore it was

only done to get a basic comprehension of the process, and to compare the experiments

with the simulations as far as possible.

The second approach involved a segmented series of computation. In this case the

jet was modeled in small parts. Each part was used in a penetration simulation until it was

completely eroded. This allowed the concentration on certain properties and events and, as

a result, provided a reasonable explanation for the observed properties. It is described in

section IVD35.

Both techniques have disadvantages. The full penetration can only be very coarse

and therefore does not provide data which is detailed enough. The partial approach lacks

33This is explained, for example, in [Duo05]
34The nine plates and the matching space which where penetrated in the experiments are almost300mm

in the axial dimension.
35The approach was developed and used in [Pet11]
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of specific properties of the jet, especially the elongation36, which means that it cannot not

be used to estimate the properties of the complete process.

The technique which was finally used is described in VB.

B. DIFFICULTIES IN FLUID MODELING FOR TARGET PENETRATION CAL-
CULATIONS

The basic penetration law which is used in most shaped charge research and was

explained in IIB bases on the assumption that the target strength and the jet strength are

much smaller than the ram pressure which is applied to the material by the inertia of its

mass.

During the penetration this assumption tends to lose accuracy with decreasing ve-

locity. The reason is that the influence of the strength of the penetrator is increasing, while

there still is no strength in the fluid at all. This leads to a smaller erosion rates than expected,

and the erosion of the jet is decreasing vastly below velocities of3km
s

[Eld99].

Orphal and Anderson [And99] are providing a possibility of adjusting the penetra-

tion law by including a projectile strengthYp and a target resistanceRt into the equation.

The problem of adapting this possibility to the target which is handled in this re-

search is the mixture of materials. While the strength of the steel plates is at least in the

magnitude of the aluminum, the fluid does not have a strength at all.

This fact has a big influence on all simulations and deliberations, and it shows the

difficulties of estimating and describing complex penetration processes.

C. CHARACTERISTICS OF METAL COMBUSTION

The virtue of a reactive liner is the energy release of the combustion of the liner

material. This reaction is a very complex process, influenced by many parameters. The

following sections will give an overview over the main effects.

36See also I3a
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1. Description of the Combustion Process

There are three stages of the combustion [Sha86]. First, the particle needs to be

ignited. Second, it produces heat, keeping the combustion process stable. In the end the

particle either (i) has completely reacted, (ii) is covered by a thick layer of oxide and

therefore is separated form the oxidizer or (iii) the radiated heat into the environment is too

high, which leads to cooling of the particle till the activation energy for the process can not

be achieved any longer.

After consuming the activation energy, the process delivers energy during the reac-

tion, producing alumina and, in a water environment, hydrogen.

2. Ignition

Aluminum particles are always covered with a oxide layer. To let the material react,

this layer must be destroyed.

Beckstead [Bec07] summarizes several ignition predictions and experimental re-

sults. One way of igniting the material is to increase its temperature till the melting of the

oxide layer. ForAl2O3 the melting point is at2300K37. Beyond this point the layer loses

its integrity, allowing the aluminum to react.

By contrast it was observed in experiments, that ignition occurs at lower tempera-

tures between2000 and2100K, leading to the conclusion that the integrity is lost before

the alumina is melting. There is also speculation that shell cracking at lower temperatures

which exposes pure aluminum to oxygen can lead to reaction.

Finally, mechanical stress like in a shock wave can likewise defect the layer and

giving it the chance to ignite at relatively low temperatures.

The temperature needed for the process is depending on the actual setup. If the

aluminum is not influenced by shocks and therefore the oxide shell is intact, no ignition

will appear below the very high melting temperature of the alumina. But if the layer is

mechanical destroyed or damaged, the reaction will start at very low temperatures if oxygen

is available.
37The melting point of aluminum is much below at933K.
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3. A Simple Burning Law for Spherical Particles

The process can be described with a simple burning law38. The needed assump-

tions are that the particle is (i) a sphere, (ii) consists only of pure metal and (iii) will burn

uniformly.

Then, the rate of burning mass fraction per time will be:

ṁ = −dV
dt
ρ = −πρ

4
· dD

3

dt
= −πρD

4
· dD

2

dt
(14)

The rate of reactive area decrease is then

− 4ṁ

πρD
=
dD2

dt
= constant = β (15)

The equation can now be solved for the change of diameter over time:

D2 = D2
0 − βt (16)

This law is theDn law.

It was observed in experiments that the exponent is smaller than two and closer to

the area of1.5 to 1.839. In the real process the surface will not burn uniformly; some areas

will be more or less covered with oxide.

The value ofβ, however, depends on many parameters of the environment, like the

oxidizer, the pressure, the temperature and so on. Experimental data for burning particles

by Shavit [Sha86], which was validated by Glumac at the UIUC, can be used to estimate

β. Shavit found that a particle with the size of6µm in a steam environment will react

completely within a time of200µs. withD = 0 at this timeβ will be β =
D1.5

0

t
. This gives

a value of7.4 · 10−5m1.5

s
.

38For the burning law and the additions compare with [Bec07]
39Beckstead refers this values to [Gok96]
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D. CHARACTERISTICS OF THE JET COMBUSTION

To understand the combustion process and the effects which where observed in

the experiments, preliminary work was done [Pet11]. The findings are describing the jet

properties which have an influence on the process and are described below.

1. Jet Properties

The dimensions used for the shaped charge where the same as in the experiments at

the UIUC by Mason. The liner dimensions are presented in appendix B. The explosive is

nitromethane.

To gather the jet information a simulation of the shaped charge Mason used in the

experiments was done. The calculation was stopped when the jet tip reached the stand-

off distance of190mm. The needed data was collected and processed using a MATLAB

function, cutting of parts with velocities under1500m
s

and dividing the remaining164mm

jet into 20 parts with an equal length of8.2164mm, each described with their respective

internal energy, temperature, radius and velocity to be the jet parts used for the target sim-

ulations.

2. Mass Gradient along the Jet

The mass per length unit ratio differs along the jet, like explained in I3d. The

difference is almost in the order of magnitude. This mass gradient leads to a gradient in

the chemical energy which is crucial for the power of the combustion. Figure 18 shows the

chemical energy of the created jet parts40 over the x-dimension of the jet, not including the

tip.

40Represented by the blue stars.
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Figure 18: Possible chemical energy release of the simulated jet parts over the x-dimension.
The parts are marked with the blue stars.

3. Example Penetration Simulations
a. Penetration Behavior of the Jet Parts

Figure 19 displays the situation of the parts after the penetration process.

While the fast parts are completely eroded, like predicted with the hydrodynamic theory,

the slower parts are partially unimpaired.

This difference in the penetration behavior shows the complexity of the pro-

cess, were the influence of the strength of the involved materials is increasing with the de-

crease of the jet velocity. Especially in the water parts, were the jet has a material strength

while the fluid has none, the behavior changes strongly. This has also an influence on the

heating of the jet, like explained below.

b. Temperature

In both cases the eroded parts are showing increased temperature after the

penetration.
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Fast PartSlow Part

Figure 19: Comparison of the slow and the fast parts during the penetration

The temperature varied during the simulation. When the jet first hit the

first plate peak temperatures occurred up to2000K for short periods oft time. The average

temperature of the eroded material was much lower at areas between800 and900K. Figure

20 gives a overview of the temperature in the jet during the penetration of the first target

plate.

In both cases the increase of temperature seems to be enough to ignite the

material. Due to the additional destruction of the oxide layer because of the erosion a

reaction is very likely in both cases.

Fast PartSlow Part

892K

813K

733K

1163K

961K

760K

Figure 20: Absolute temperatures of the slow (1527m
s

) and the fast (5724m
s

) parts of the jet
during the penetration
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Dolak [Dol08] observed much higher temperatures in the erosion front dur-

ing simulations. This is believed to be caused by the definition of the mesh, which could

lead to the loss of peak values.

c. Particulation and Surface

The fast parts show a expected behavior of particulation; the small amount

of available mass and the strong erosion are leading to a wide spreaded cloud of material

along the penetration path.

The slow parts are staying unimpaired, due to the influence of the material

strength in the slow penetration. Still, the erosion produces a big surface.

In both cases the material is forced to flow, which will destroy the oxide

layer, producing free material for the combustion.

The observed behavior leads to a possible explanation why the strong de-

formation in the experiments was observed in the last penetrated plates.

All parts of the jet fulfill the requirements for the combustion, (i) being

vastly deformed which destroys the oxide layer and (ii) being heated up to critical temper-

atures during the penetration process.

The slower parts are carrying up to a magnitude more mass and therefore

chemical energy. This fact is believed to be the reason for the much stronger combustion

effect.

E. MASS DISTRIBUTION BETWEEN THE TARGET PLATES

As explained above, gradient of mass which is distributed between the plates seems

to be the main reason for the difference in the observed deformations along the penetration

path.

The information about the mass gradient is gathered out of the simulation results of

the jet forming. The characteristics of the jet are therefore known, and the general informa-

tion which parts of the jet will be eroded in which parts of the target can be approximated
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in a reasonable way. However this is only a quantitative description about the ratio of avail-

able mass along the penetration path. The exact amount, especially the differences between

the experiments is unknown further on.

Therefore an approach must be found that is able to estimate the exact mass of alu-

minum available in the different parts of the targets. This must be possible out of available

experimental data.

F. QUANTIFYING THE ENERGY RELEASE DURING THE COMBUSTION

The process of the combustion during the penetration is very complex. It includes

mechanics, fluid mechanics and chemistry; no hydrocode supports this combination. It is

therefore impossible at this moment to simulate the complete process with all its effects.

While the fluid dynamics can be calculated very good with AUTODYN and similar

codes, the chemistry can not be determined.

To quantify the energy release during the combustion special techniques must be

used. The following sections are introducing some possibilities.

All techniques have one thing in common: they provide a specified amount of

energy, which is released and contributes work on the target by deforming it. The source

of the energy differs.

In every approach it has to kept in mind that the process is basically like a part of

a joule process, where chemical energy is dissipated into the actual plastic work on the

target plate and the thermodynamic losses occurring from the creation of entropy during

the expansion and the flow processes.

1. Compressed Air

Using a sphere of compressed air as a source of energy is one possibility. If the

pressure of the sphere is larger than in the space surrounding it it expands, dissipating its

internal energy to the environment.
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The easiest EOS for a gas is theIdeal Gas Law, which describes the behavior of a

hypothetical gas41:

pV = nRT (17)

The ideal gas law is the result of some simple assumptions. Basically (i) the volume

of the molecules and (ii) the cohesion between them is ignored, which means that there is

now interaction between the molecules whatsoever.

a. Internal Energy of a Compressed Air Sphere

Considering the air being a ideal gas, the energy stored in a sphere of com-

pressed air can be described by equation 18:

Ei =
nR

κ− 1
T =

pV

κ− 1
=

4

3
πr3

p

κ− 1
(18)

This equation shows the two degrees of freedom of the EOS: the pressure

and the radius42 of the sphere.

Figure 21 shows the resulting internal energy forp−r-pairs. The area marks

the possible combinations. The gas can only be in a state described by this area.

Every process will take place anywhere in this surface. The fact that the

process has two degrees of freedom makes it relatively easy to adjust it to the current

deformation, because the final radius is already known, which leaves only the pressure and

the initial radius to adjust.

2. High Explosive

Another possibility is to use high explosive as a source of the deformation energy.

The main difference to the compressed air bubble approach is the impossibility to choose

the initial pressure. Due to the properties of the explosive it reacts extremely fast43.

41Compare e.g. [Car95]
42Respectively the volume
43The reaction time is in the order of some microseconds, while a combustion process takes place in a

millisecond magnitude.
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Figure 21: Internal Energy of a compressed air sphere over radius and pressure.

The explosion process is calculated using a JWL EOS44. After the initial expansion

the EOS is changed to an Ideal Gas to be more accurate. This basically justifies even more

the approach using compressed air bubbles, because the technique is basically the same

without the strong influence of shock which is included when using explosives.

An advantage of using high explosives as an energy source is the fact that the pro-

cess contains a reaction, which makes it much more like a combustion process. Addition-

ally the amount of chemical energy which is available is known and can be fitted to the

expected amount of chemical energy of certain parts of the real jet.

A disadvantage, which should be considered when comparing the simulation with

experimental results is the difference in the time magnitude. The involved materials will

show different reactions on the influences during the process depending on their velocities.

44The Jones-Wilkins-Lee EOS is an empirical EOS, describing the pressure in the expanding gas with

P = A

(

1− ωη

R1

)

e−
R1

η +B

(

1− ωη

R2

)

e−
R2

η + ωρe (19)

whereA,B,R1,2 andω are empirical constants,η = ρ
ρ0

ande is the specific internal energy [SAS10].

45



3. Evaluation of the approaches

After both approaches were tested, it was found that neither the bubble expansion

nor the explosive expansion can be used to gather the wanted information. The main prob-

lem is that the process is much to complicated to be simulated entirely. The combination

of the plastic strain in the plate with the highly turbulent fluid calculations leads to heavy

oscillations and cavitation due to the shock wave. Most of the influencing parameters for

the flow process can not be estimated in reasonable quality, which means that the results

are not trustworthy in a reasonable magnitude.

Additionally the needed combination of Eulerian meshes for the fluid calculations

with the Lagrangian meshes for the plates, which becomes necessary due to boundary con-

dition requirements leads to uncertainties and long computation times.

Finally an approach using WORKBENCH was chosen, mostly due to its simplicity

and the credibility of the results. It is introduced below.

4. Estimating the Energy Release with ANSYS WORKBENCH 3D Explicit
Dynamics Calculations

The approaches explained above are trying to describe the process as close to the

actual events as possible, by including the fluid dynamics of the displaced water and the

plastic deformation of the solid plates by implying a energy source into the actual setup.

Using Explicit Dynamics calculations is a total different approach. The technique

concentrates on the mechanical plastic work which is dissipated in the plates.

In contrast to the other explained techniques the energy source itself and its behavior

are not part of the simulated process; instead the deformation of the plate is caused by

a pressure load. Therefore the simulations can be done in 3D, including the complete

geometry of the actual target plates, because much less cells are involved when the same

definition is used.
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Also the penetration process of the jet itself can be simulated with the actual plate

geometry, which allows measurement of the deformation caused by the kinetic energy loss

during the plate penetration when compared and validated with the experimental results.
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V. TECHNICAL APPROACHES

A. COMPARING INERT AND REACTIVE MATERIALS IN EXPERIMENTS

1. Used Active and Inert Materials

To estimate the virtue of a reactive liner one needs to compare its effects in a reactive

environment with the effects in a inert one. This is necessary to focus on the reaction of the

the liner and material. To fulfill these requirements a comparable liquid to water must be

found, and the unavoidable differences must be considered.

In all of the preliminary experiments oil was used as a replacement for water. It is

obvious and was observed, that no reaction with the oil occurs in the experiment. However,

it has to be evaluated if the results are comparable or not.

2. Estimating the Difference using Square Root Rho Law

The easiest way to estimate the comparability is to use the penetration law men-

tioned in section IIA1. It can be simply found that the ratio of the penetration depths

should be the square root of the inverse densities:

POil

PWater

=

√

ρWater

ρOil

(20)

The density of water being0.998 g
cm3 and the density of the usedHygold L750 from

Ergon being0.92 g
cm3

45, the penetration depth of the same rod should increase by4% when

impacting oil instead of water.

3. Estimating the Difference using AUTODYN Impact Simulations

Dolak [Dol08]46, who examined aluminum rods impacting water filled targets to-

gether with the Ernst-Mach-Institute in Germany, performed AUTODYN simulations in

order to gather information about the influence of the density when the rod was impacting

45From the data sheet provided by the manufacturer.
46See also section IIE
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Water Oil Difference

Sqrt Rho Penetration Depth 158.0mm 164.7mm 4.2%
AUTODYN Simulation Depth (apprx.) 155.0mm 160.0mm 3.2%

Table 4: Comparison of penetration simulations of a50mm copper rod with10mm diam-
eter fired into semi-infinite fluid target containing water and oil, respectively.

monolytic steel targets with a velocity of2700m
s

. He used water with a shock equation of

state and a Hydro (Pmin) failure model, which is implemented in the AUTODYN material

library. He varied the densities between0.5 and1.5 g
cm3 and showed the differences plotting

the average x-velocity over the time, which gives a good idea of the penetration process.

To quantify the differences target simulations where done. They contained a50mm

long and10mm in diameter copper rod with a density of8.94 g
cm3 impacting a semi-infinite

target of water and oil, respectively, at a velocity of5000m
s

. A shock EOS47 already im-

plemented in AUTODYN was used for the calculation. The difference just occurs in the

different density, leaving all other parameters the same.

During the simulation the average velocity of the penetrator material is measured.

This velocity contains the parts of the penetrator that are not under any influence of the

target material and still are moving with the initial velocity as well as parts which are

directly in the erosion front or already eroded. Therefore this data provides very good

information about the penetration process. The smaller the difference between this average

velocity over time between two different target materials, the smaller the difference in the

target resistance is, and vice versa.

The results are presented in table 4.

Only a small difference in the penetration depths could be observed. The result

becomes more obvious if the average velocity of the copper in the x-axis is compared like

in figure 22.

47This EOS describes the Material in a Grneisen-Form. It establishes a linear relationship between the
particle velocityup and the shock velocityUs, combined with two parametersC1 andS1 [SAS10]: Us =
C1 + S1up This allows to describe any relation between the properties before and after the shock wave. For
the material properties, see appendix G.
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Figure 22: Average50mm copper rod velocity during penetration of a semi-infinite target
containing water and oil vs. time

4. Discussion of other Potential Influencing Parameters

So far the only influencing parameter was the difference in density between water

and oil. The question is whether there are other material characteristics which maybe would

leave a remarkable footprint on the results of the experiments. Those could be differences

in the

• specific phase changes

• shear and bulk strength

• viscosity

• friction and abrasion.

All of those could possibly have an influence.

To simulate all these influences the material model has to be modified in its param-

eters. Most of the literature dealing with EOS and EOS parameters48 treat solid materials
48e.g. [Ste96]
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because there are mostly involved with those calculations. Even if properties of liquids49

are handled the EOS are very limited due to the inaccuracies next to critical points. Also

finding values to fill an EOS for the special used oil would need experimental data which,

of course, could not be provided for this certain issue due to the costs.

However, the process is still a hypervelocity one and therefore many of these can

be ignored or at least estimated as very small. The pressures for example will exceed the

shear strengths by some magnitudes. Friction and abrasion will hardly occur due to the

cavitational effects while impacting. If there would be phase changes, they will happen in

a distance from the rod.

To calculate the influence of other parameters than the density, simulations using

polyethylene as target material are a very good method.

5. Additional Simulations using Polyethylene as Substitute

To make a worst case estimation of the potential additional influences on the pene-

tration process polyethylene was used, which is a solid material.

Polyethylene has nearly the same density as theHygold L750 with a density of

0.916 g
cm3

50. Also it is implemented in the Material Library of AUTODYN. The material

model includes, in difference to the fluids, an EOS with shear strength. If the difference

between the target materials with all this influences included still stays reasonable small,

those influences can be neglected and the oil substitution is justified.

The results of the additional polyethylene simulation can be seen in figure 23. The

difference in average velocity is bigger than between oil and water; however the mean

difference is6.9% which is still small.

The small appearing differences in the results justify overall the use of materials

with slightly different densities to examine the reactions. Varieties due to machining toler-

ances and other influences are considered to be in the same magnitude as the gap in density

49e.g. [O’C01]
50See [Lab80]. Also the Parameters for the EOS are given.
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Figure 23: Average50mm copper rod velocity during penetration of a semi-infinite target
containing water and polyethylene vs. time

of ca.10%.

Additional validation is gathered when the TOA data at the actual target of a oil and

a water simulation is compared, which was done during the process of the work.

B. THE ”DIVIDE AND CONQUER” TECHNIQUE TO SIMULATE THE TAR-
GET PENETRATION

The ”Divide and Conquer” technique combines the ideas of both approaches de-

scribed in section IVA, allowing to simulate the process with a relatively fine mesh in a

very short time.

The basic idea is to simulate small sections of the target. When the jet reaches

the end of the section, the simulation is stopped. Then every material instead of the jet is

deleted, which allows to write the jet into a datafile. This data is filled in the next simulation,

where the process is redone. The jet is ”carried” along simulations, containing its full data

and being eroded over the time without the problems of very big parts.

The simulation of a small section can be done very fast, with a section having

dimensions in the area of50mm, even if a fine mesh is chosen.
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Figure 24: Principle of the ”Divide and Conquer” technique to simulate the penetration
process
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Additionally, if the time step decreases due to particulation or if the debris from the

target plates produces numerical failures like over-emptied target cells, the simulation can

be stopped and the jet can be ”cleaned” from this specific areas which are not necessary for

the results.

Figure 24 provides the principle of the approach. First the jet is simulated while

penetrating through a target section. Than the simulation is stopped and the jet is extracted

by mapping it into a datafile. Now it can be remapped into the next simulation, and the

process restarts.

This approach allows to simulate a penetration in very short times even if fine

meshes are used. The results where validated with the coarse simulation mentioned above

as well as the experimental data and found to be matching.

C. ESTIMATING THE MASS DISTRIBUTION

To estimate the mass distribution between the plates along the penetration path is a

crucial information to (i) be able to explain the different deformation in the target and to

(ii) validate the calculated energy amount for this deformation.

Two approaches where used; one using only the simulation results, the other con-

necting the experimental data with the known jet properties. Both are explained below.

Both approaches need the the jet characteristics explained in section I3d.

1. Mass Distribution in the Target Simulation

During the target simulation the TOA at the plates and the jet velocity at this points

where measured. Knowing the cumulative mass51 matching to the jet velocity, the amount

of mass which is eroded between two plates can be calculated as the matching difference

in jet mass for the velocities at the plates.

Like explained in section IVA3 the penetration depth of the simulation and the one

observed in the experiments differ. The simulation can therefore only provide a possible

range of distributed mass. The minimum of this range is defined by the mass which is

51Compare figure 10.
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distributed out of erosion between two plates. The maximum would be the total mass

which is left in the jet after it penetrated the plate which was the last one in the test52.

This maximum depends strongly on how the limit for the jet is set, meaning below which

velocity the jet parts will not travel up to the place of interest.

2. Technique to Estimate the Mass Distribution out of TOA Data

The wide range of possible distributed mass out of the simulation is unsatisfying.

To narrow this possible area, an additional approach was used.

This approach is only possible if some assumptions are made and is naturally not

absolutely precise. However, it provides a good estimation of the distributed mass, and the

assumptions are reasonable.

The basic idea is to use the TOA data out of the experiments to calculate penetration

velocities along the penetration path. Out of the penetration velocity the initial jet velocity

can be estimated, and this information can be used to get the distributed mass out of the

cumulative mass information like above.

The penetration velocity, the velocity at which the penetration point travels into the

target53, can be defined asu = dx
dt

.

Assuming that the jet velocity over its x dimension is a linear function, which is

correct in a reasonable range54, the penetration velocity over the penetration depth should

also be linear, andu being the derivative of the penetration depth to the time, the TOA and

the plate numbers55 should follow a quadratic correlation.

In figure 25 the average TOA data for the water experiments (in red) and the result-

ing quadratic fit are plotted, with the function for the fit beingP (t) = a 1

s2
· t2 + b1

s
· t+ c.

The derivative of this polynomial delivers directly the penetration velocity ofu =

dP
dt

= 2a · 1

s
· t+ b.

52Which is plate number 9.
53Compare I1
54Compare I3a, figure 9
55Or the penetration depth, respectively
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Figure 25: Average TOA of the experiments with water as submerging fluid (red points)
and the matching quadratic fit (blue line).

The main assumption in the total approach is the connection of the penetration and

the jet velocity. Knowing equation 10, the jet velocity should be like in equation 21:

vjet = u ·
(
√

ρtarget

ρjet
+ 1

)

(21)

or vjet = ψ · u, whereψ equals
√

ρtarget
ρjet

+ 1.

The problem is to find the target density. In the experiments multi-layer targets

were used. The difference of the densities of steel and water is very big, with the water

having a density of1 g
cm3 and the steel having approximately7.9 g

cm3 . Therefore a theoretical

combined target density must be estimated.

Theoretically, this density can easily be found by using the square root-rho-law,

assuming that the same amount of jet must be eroded away over the same distance by the

actual target and the theoretic material:

lReal Target = lTheoretical Target (22)
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When the real target is described by the distance of steels and the distance of water

w, the relation is

s ·
√

ρsteel

ρjet
+ w ·

√

ρwater

ρjet
= (s+ w) ·

√

ρtarget

ρjet
(23)

and finally delivers the theoretical density in equation 24

ρt arg et =

[

s
√
ρsteel + w

√
ρwater

s+ w

]2

(24)

which will deliver a value ofρtarget = 1.505 g
cm3 . This will result in a value forψ of

1.735.

By comparing the simulation results, which fit very good in terms of tip velocity

and the TOA in the first plates,ψ was found to be in the area of1.993, which would lead

to a higher theoretical target density of2.745 g
cm3 .

The main reason for the difference is the difficulty to describe multi-material targets

with the strong changes in the properties along the penetration path with such easy formu-

las. Especially while penetrating the water parts the penetration theory is slightly uncertain,

where the jet has a remarkable strength if compared with the water, like explained above.

Additionally inequalities in the target, like differences in density are leading to

resistance for the jet, which would lead to a higher theoretical density. The jet faces several

sudden density alterations while it is traveling through the target, which would explain the

higher value.

The correction using the simulation shows good results and was chosen.

The velocity of the jet at the actual point of the target can now be calculated, and

the mass distribution information can be gathered like explained above.

This information is needed additionally for the approach described below.
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D. PLATE PENETRATION SIMULATIONS IN ANSYS WORKBENCH 3D EX-
PLICIT DYNAMICS

To separate the deformation which is caused by the loss of kinetic energy of the

jet during penetration from the penetration which is believed to be caused by the chemical

energy of the combustion the penetration process was simulated. The AUTODYN calcu-

lations which were explained in section VB are already showing that the penetration itself

will not result in strong target deformations56; however the penetration was simulated in

3D additionally to validate these results.

1. Jet Data

To simulate the penetration the jet characteristics which occurred at the specific

plates needed to be estimated. The main information here is the velocity and the actual

radius. Additionally the length of the jet is important.

The information was gathered like explained in V2 by taking the average TOA for

all water experiments as the basis for the further estimations.

The characteristics of the jet at the stand off distance are known from the simulation

described in VB and validated as far as possible by the comparisson with the experimental

data.

Due to the elongation, which is caused by the mass gradient in the jet, the radius and

length of the jet portions are changing during the travel into the target, while the velocity

stays the same57. Critical for the penetration behavior are the (i) velocity and (ii) the radius

of the jet portion, while the length is only of interest as if it is enough to penetrate the entire

plate. The jet length can be calculated using the known equation 12, assuming that the

jet portion of interest must be able to penetrate plate and the liquid following, this being

3.277mm of steel and22.9mm of water. Therefore the length is like in equation 25:

ljet = 3.277mm

√

ρsteel

ρaluminum

+ 22.9mm

√

ρwater

ρaluminum

(25)

56See also VIIC.
57Until the portion reaches the erosion front.
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which deliversljet = 19.23mm. This is a maximum limit which makes sure the jet

penetrates.

During the travel into the target the velocity gradient in the jet leads to a elongation,

which is responsible for the particulation. Additionally the radius decreases. Although

the particulation effect is expected to be of more influence than the radius decrease, this

decrease was estimated and included into the simulation. The minimum radius which is

occurring due to elongation can be estimated by assuming that the volume of a jet portion

stays the same, which dictates the relation between radius and length of the portion like in

equation 26:

V1 = V2 ⇒ l1πr
2
1 = l2πr

2
2 ⇒ r2 = r1

√

l1

l2
(26)

This adjustment was used in the simulations. Still it must be considered that this is

a minimum estimation. However it shows good results.

2. Influence of the Slug

Like explained in IIA and II3 the liner material forms the fast traveling jet and the

much slower slug.

Due to the relatively small thickness of the target plates the slug is able to penetrate

some of them. During the test the slug was once found stuck in the 4th plate, and the de-

formation measurements show clear evidence that the slug penetrated and deformed some

of the first plates in the targets in all tests.

To estimate the influence of the slug on the target deformation, it was included in

the simulations of the first plates till it was to slow to be able to penetrate any more. Due

to the velocity difference between the jet and the slug it is not reasonable to include both in

the same calculation. Therefore the simulations needed to be divided.

This is a maximum estimation, because the possible influence of the water was not

included. If there is water in the way of the slug or not is very difficult to say. During the
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travel of the jet through the target the water is displaced andforms a tunnel58. Figure 26

shows this channel during the mentioned coarse target simulation.

Due to the complexity of the target which makes it not feasible to simulate the entire

process, and the impossibility to visualize the penetration without x-ray technology it is not

known if the tunnel is stable long enough to let the slug travel without being influenced by

water or not.

Steel P lates

JetWater

Figure 26: Picture of the penetration process of the steel plate target in a simulation. The
tunnel formed by the water flowing away from the penetration axis is clearly visible.

Therefore the water was left away, and a simulation was done where the travel of

the slug through the first three plates59 was determined, the hole from the penetration of the

jet included.

With the information of the maximum possible number of plates penetrated the slug

was then included in the penetration simulations in WORKBENCH.

This information, combined with the fact that the slug was found to stuck in the

fourth plate in one test, proves additionally that the strong deformation in the last plates

can not be caused by kinetic influence of liner parts. Even if the slug would be able to

penetrate twice as much distance it still would not influence the ninth and tenth plate, were

the most deformation occurred.
58A article that handles that topic is [C.C96].
59Where it found to have stopped in the simulations
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3. Geometric Setup of the WORKBENCH Penetration Simulations

The WORBENCH simulations contained the exact setup of the target plates, which

are simple steel plates with holes in where the rods holding the stack together are put in.

The symmetries of the target plates were used to keep the problem small. The plate

is symmetric in two planes, so only one quarter of the complete plate needs to be simulated,

which means that much less cells need to be calculated.

Figure 27 shows the setup that was used. The green areas are the two symmetry

planes which will complete the plate in the simulation.

Figure 27: Plate for the WORKBENCH simulation. The green regionsare the symmetry
planes

The deformation is measured along the diagonal path like done in the experiments.

E. PLATE DEFORMATION SIMULATIONS IN ANSYS WORKBENCH 3D EX-
PLICIT DYNAMICS

The lack of chemistry in the ANSYS AUTODYN disallows the inclusion of hydro

reactive effects.

To estimate the amount of energy which is released during the reaction WORK-

BENCH 3D EXPLICIT DYNAMICS simulations where used. The 3D feature also allows

to recreate the influence of the non axial symmetric geometry of the plates.
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To estimate the energy which is needed to deform the plate likeobserved, which

is the plastic work done at the plate, the plate is loaded with a pressure that decreases

over time. The pressure is varied until the final deformation matches the one observed

in the experiments. This estimation will not include any of the energy needed for the

fluid process that is occurring because water has to be displaced. However, it can provide

basically a magnitude of the energy that is converted during the process, and is furthermore

directly linked to the only measurable effect being the plastic deformation of the target

plates.

Additionally, WORKBENCH provides the possibility to of parametric simulations,

which means that the different initial parameters and the results can be calculated using one

setup and one simulation.

1. Energy Source in the WORKBENCH Simulation

Due to the fact that only the plastic work is done at the plate prior to deformation,

the energy source to reach this deformation can be chosen freely. This allows again to keep

the simulation very simple, because no additional materials like air or water are needed,

and the complete process contains only the plate.

The plate was therefore simply loaded with a pressure like shown in figure 29. As

the area where the pressure is applied to a circle was created.

The plastic work dissipated in the plate depends only on the pressure and the re-

sulting strain, not on the time magnitude of the process. This becomes obvious if the

stress-strain diagram is reminded, like in figure 28. The shaded areaA below the curve is
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Figure 28: Stress-Strain Diagram. The shaded area A is a measure of the plastic work.

a direct measurement for the plastic work60 done per volume unit of the metal61, assuming

no initial stress:

wplastic =

ε2
∫

0

δ (ε)dε− 1

2
(ε2 − ε1) δ (ε2) (28)

The integral calculates the complete area. Due to the elastic behavior of the mate-

rial the final strain after the stress is relieved is below the maximum which was achieved

under full pressure. Therefore the linear fraction must be considered by subtracting the

corresponding part.

This shows that the amount of plastic work dissipated in a material behaving like

that neither depends on how the deformation is produced nor the time passing during the

process. As long as the final deformation is the same, the amount of energy is the same62.

60There is additional elastic work, which is represented by the fact that the final strain is smaller than the
observed highest strain if the stress is released in the end. In the simulation only the plastic work is measured.
In the experiment there will be a small amount of elastic work be stored in the plate, which is due to the
geometry and the resulting constraints. This amount is much smaller than the plastic work.

61The analysis of the units delivers:

[w] = [δ · ε] = N

m2
=

J

m3
(27)

62Of course the elastic work can differ a lot. Also the process must not include re-plastification, meaning
that the plate is plastic deformed beyond the wanted value and afterwards formed back again.
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Figure 29: Plate for the WORKBENCH simulation. The red area showsthe pressure load.

Therefore the pressure can vary over time in any particular way, as long as strong

oscillations are avoided which could theoretically be caused by a sudden decrease or in-

crease of pressure. These oscillations could lead to additional plastic work by bending the

plate back and forth.

2. Geometric Setup of the WORKBENCH Deformation Simulations

The general setup of the plate is equal to the one from the penetration simulation,

with an additional circle imprinted in the top face to define the area for the pressure load.

Again the deformation is measured along the diagonal path. Figure 29 shows the plate.

The also visible ring below the plate was included to match the experimental results

more closely, after the first simulations were evaluated.

3. Estimation of the Pressure Magnitude

The magnitude of pressure that causes plastic deformation in the target plates was

estimated with a very simple back-of-the-envelope technique. The idea is to assume the

plate being a beam like in figure 30, which will allow to calculate the stress occurring at the

bottom of the plate using simple analytic equations. If the stress reaches the yield strength
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of the plate material the lower pressure threshold is found. Pressures higher than that will

cause plastic deformation.

l

b

h

q

Figure 30: Sketch showing the values for the pressure magnitude estimation

In a setup like that the bending momentMb in the beam is like in equation 29:

Mb =
ql2

8
=
pbl2

8
(29)

The maximum stress is occurring at the bottom of the plate and can be calculated

by

σ =
Mb

Iy
· h
2

(30)

Combining the equations and knowing thatIy =
bh3

12
the pressure turns out to be

p =
8Mb

bl
=

4

3
· h

2

l2
· σ (31)

Mason found the yield stress of the used target steel to be327MPa. The diagonal

distance between the holes where the plates are held is approximately200mm, and the

plate is3.277mm thick. The resulting threshold pressure isp = 0.12MPa.

This pressure is the lower limit where the bottom layer of the beam is exposed to

the yield stress. To deform the beam plastically a higher pressure is needed.
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The approach gives a very good idea of the threshold. The simulations were started

using1MPa, which showed visible plastic deformation, and the range of1 to4MPawhich

was simulated covers the full magnitude of the observed deformation.

F. DIVIDING PENETRATION AND COMBUSTION EFFECTS

From the initial experiments and considerations it is known that the deformation

did not occur in the plates prior to 8 and 9 in the tests where the straightest jets were

generated. To estimate the energy-release out of the combustion the deformation which is

caused by the penetration itself must be known. Additionally the experimental results must

be compared to determine the area of influence.

The deformation results of Test 12 (water) and 13 (oil), which were chosen because

both showed very close jet performance and TOA data, was compared by plotting the z-

displacement along the diagonal path. The figures for all plates can be found in appendix

D.

The figures 58 and 61 are showing the comparison exemplarily for plates seven and

ten. While there is a clear difference in the last one, there is almost no difference in the

first. Following the complete penetration path the deformation was even bigger in the oil

than in the water test, which is likely to be caused by a more stable slug.

The comparison shows that only the plates from number eight and up need to be

simulated with the pressure load.
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Figure 31: Plate 7 Difference in deformation of Test 12 (water,red) and Test 13 (oil,blue)
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Figure 32: Plate 10 Difference in deformation of Test 12 (water,red) and Test 13 (oil,blue)

G. DATA ACQUISITION IN THE WORKBENCH SIMULATIONS

The deformation data of the target plates in the experiments were measured along

the diagonal path. To be able to compare the experimental with the simulation data the

z-deformation coordinates along this diagonal path were measured using the construction

geometry feature in WORKBENCH, following the created edge in the diagonal described

before.

This tool allows to evaluate the directional deformation along any path in the eval-

uated body.

The gathered data was then compared with the known deformations from the ex-

periments using MATLAB plots.

H. ADDITIONAL EXPERIMENTS

During the work on this thesis the author had the possibility to participate in more

experiments, which where also performed at the UIUC. These experiments where repeti-

tions of the last experiments from Masons work, and additional tests to be able to con-

centrate on the properties of the process especially in the last plates, where the strong

deformation occurred. An overview of all preliminary and recent experiments is provided

in appendix C.
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1. Repeating Tests

The data from the previous experiments did not contain TOA for all plates. In Test

11 and 12 only plates one to five were measured. Complete data was only available for Test

13.

Additionally it was uncertain when the deformation took place. This information

could provide additional insight in the process.

To measure the deformation time an approach was tested where the plates were

illuminated using blue LED’s and filming the process with a high speed camera through

a blue filter. The idea was to use the fact that the combustion produces light emissions

with the maximum in the higher wavelength red areas of the visible light spectrum. So

illuminating it with a light of shorter wavelength and filtering the light emitted by the

target, which would be a mixture of emission from the combustion and the illumination,

using a high pass filter could cut out the reaction and leaving only the wanted wavelengths.

Unfortunately the light emission from the combustion was way to intense, and the

emission in the blue spectrum was pretty high.

Another approach using a flash which was triggered0.5ms after the ignition, when

the penetration process was almost over was also not satisfying because the shock wave

caused cavitations and turbulent water that in addition with the debris made it impossible

to film through the liquid.

2. Filter Tests

Out of the review of the previous work it was decided to develop a filter test, where

the first steel plate and water combinations should be replaced by one solid steel plate,

like shown in figure 33. This would allow to concentrate on the area where the strongest

reaction was observed, guaranteeing that possible other influence than the jet itself would

be filtered by the steel block.

The dimensions for the block based on simple penetration calculations using the

known penetration law, backed up by simulations.
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Initial Setup F ilter Setup

Figure 33: Principle of the filter tests, where one monolytic steel plate substitutes the first
water/plate combinations.

In the preliminary experiments the jet penetrated plate nine. This distance, consist-

ing of 29.5mm of steel and246.7mm of water in total was used to estimate the jet length,

like in formula 32:

ljet =
∑

lsteel +
∑

lwater =
∑

Psteel

√

ρsteel

ρaluminum

+
∑

Pwater

√

ρwater

ρaluminum

(32)

which results in a total jet length of approximately200mm63. Using the penetration

law again, the jet would be able to penetrate120mm of steel.

It must be considered when using this estimation that the basic assumption for the

approach above is the exceeding of any material strength by the high pressures occurring,

or 1

2
ρjetu

2 >> σjet or σtarget, which leads to the observed behavior.

However, this assumptions is, like explained before, only correct in high velocity

processes beyond3km
s

. In the later parts the jet velocity falls below this velocity. The

behavior of the jet will therefore be influenced by its material strength again, while water,

63Compare with [Mas10] p. 107
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of course, still behaves like a liquid. The jet is able to penetrate water at low velocities

where it would stop to penetrate steel by far.

Additionally the jet performance varies between the test, due to the many possible

influences. Therefore it was decided to substitute the first seven plate/water combinations,

and to keep the rest of the stack as usual. Replacing seven plates and the matching distance

of water with steel would result in a steel plate with a total thickness of94mm. Due to the

available dimensions of material the decision fell on using a2in and a1.5in plate, which

equals88.9mm. The missing distance was substituted by additional15.5mm of water

above the plate.

This setup was verified in a simulation. The breakthrough velocity was found to be

rapproximately3km
s

, with a possible breakthrough mass of approximately2.5g.
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VI. EXPERIMENTAL RESULTS

Several experiments were conducted in previous works and during this research.

This chapter displays the different results and summarizes them. An overview of all pre-

liminary and recent experiments is provided in appendix C.

A. EVALUATION OF THE TOA DATA FROM THE PRELIMINARY EXPERI-
MENTS IN TERMS OF CHEMICAL EROSION

Different approaches were tested to find indications for an increased erosion due to

the chemical reaction during the penetration process.
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Figure 34: Average TOA from the all water tests and TOA from the oil test for the different
plates

The average TOA data for all plates and the TOA of the oil experiment is plotted in

figure 34.
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The oil TOA, especially in the later plates, is earlier than inthe water tests. The

mean difference over all plates is2.9%, while in plates 7,8 and 9 it is4.77%, 4.72% and

7.94%.
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Figure 35: TOA for the oil and the water AUTODYN simulation over the plates

Between the water and oil simulation, which TOA can be seen in 35, the mean

difference is only1.86%, with the maximum being3.64%. This indicates that the difference

observed in the experiments is not explainable by the density difference alone.

However, any statement out of this data is vague. There is only one oil test, and

TOA data for all plates is only available for two water tests. Therefore the result is that

there might be indications of stronger erosion due to the chemical reaction, but to be able

to make a adequate proven statement on this effect the amount of data is not sufficient.

Still, this concerns only the question if there is additional erosion due to the chem-

ical reaction or not. The main parameter of the erosion process are still the ones known

from usual shaped charge processes. It is likely that the influence of the reaction is rela-
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tively small. The process can not start before the particle isin contact with water, which

happens directly at the erosion front or after the particle is already eroded. Especially in

the first plates the jet is way to fast to allow to be influenced by the reaction.

B. REPEATING TESTS

There where two main goals for the repeated tests, firstly to validate the known re-

sults and secondly to try to gather information about when the deformation of the plates

occurred. Additionally the TOA was gathered for all plates, this providing more possibili-

ties to compare the experiments with the simulations.

The repeating tests where number 1, 2 and 4. In all tests water was used as liquid,

with all dimensions being the same as in the initial experiments64.

The results from Masons work where confirmed. In all test similar deformations

where observed, with the penetration stopping between the eighth and the tenth plate. Also

the TOA data was similar to the initially measured65.

The complete TOA data can be found in tables 6 to 9 in Appendix E.

1. Test 1

In test one the jet penetrated plate eight, stopping in plate nine. Very strong defor-

mation occurred in the ninth plate.

Due to trigger problems the camera started to record after the actual event. The jet

penetrated up to plate nine, deformed it but could not penetrate it.

Strong deformation was observed in plate eight and nine.

2. Test 2

In test two the camera was able to capture the penetration process.

No deformation was observed before the pressure wave hit the window. Observa-

tion was impossible after that.

64All dimensions are provided in appendix B, and the assembly in A
65Compare also VA2.
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The jet penetrated plate seven and struck plate eight not penetrating it. Strong

deformation of plate eight occurred again.

The slug was found in this test, it stuck in plate number four.

3. Test 4

Test four was the test with the best jet performance in this experiment series. The jet

penetrated plate 9 and struck plate 10 almost penetrating it. Strong deformation occurred

in plate nine and ten.

Due to problems with the measurement equipment no TOA data was gathered for

plate one, two and three.

C. FILTER TESTS

The intention of the filter tests was to be able to concentrate on the processes which

were caused by the jet only by excluding any other parts like the slug or influences like the

explosion gases on the penetration of the last plates.

It was shown that the very impressive deformation effect occurred similar to the

already known tests, and in the same parts of the target.

1. Test 3

Test three used the dimensions explained above. Unfortunately the jet did not pen-

etrate the total distance, stopping right before the breakthrough.

If compared with the test number two, where the jet only penetrated plate eight, and

keeping in mind the influence explained above, possible imperfections could be the reason.

2. Test 5

To avoid the possibility of not penetrating the total distance only a2inch or50.8mm

steel plate was used in this tests, with the same stand off distance of water above it as in the

usual stack tests (63.5mm). In this combination it substitutes the first five plates.
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The jet penetrated the plate and stopped after the following fourth plate. This equals

a total penetration of approximately nine plates, showing the correctness of the assumptions

and the ability to repeat the experiment with the same results.

The last plate was heavily deformed.

Due to problems with the measurement equipment no TOA data was gathered for

the beginning and end of the filter plate and the first plate following.

3. Comparison of the Penetration Performance in the Filter Test with the
Plate Array Tests

In test 5 the jet penetrated the filter plate and plate 4, stopping between 4 and 5 and

causing heavy deformation.

To be able to compare this penetration performance with the usual setup, the match-

ing theoretical jet length must be calculated using the well known penetration law66.

The jet penetrated the initial water stand off and three spaces, adding to a total

distance of63.5mm + 3 · 22.9mm = 132mm of water. The total distance of steel was

50.8mm for the filter plate and4 ·3.3mm fot the other plates, thus adding up to63.908mm

of steel. This leads to a theoretical jet length of approximately187mm.

The penetration of plate 8 equals a theoretical length of178mm, while the penetra-

tion of plate 9 equals197mm. This leads to the conclusion that, if compared with the usual

setup, the jet from the filter test penetrated plate 8 and maybe hit plate 9. The penetration

result is therefore close to Test 11 preliminary and Test 1 from the recent experiments.

Figure 36 shows the comparison of the calculated theoretical jet length from the

filter experiments (in blue) and the theoretical jet lengths of the other experiments (in red).

Of course it is quite difficult to compare the tests due to the different dimensions.

The filter plate does not exactly substitute parts of the filter; the exact plate number would

be5.15 plates. Additionally it is not known where the penetration exactly stopped, because

the point can not be measured in water. Also the penetration behavior in the solid steel and

the water/steel mixture differs. Still the comparison shows that the test works good, and

66Compare with section VH2, equation 32.
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Figure 36: Comparison of the theoretical jet length calculated from the penetration perfor-
mance for the filter test (blue) and the other experiments (red).

validated the deformation results from the initially experiments by filtering out any possible

other influence than the combustion.
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VII. SIMULATIONS AND EXAMINATION OF EXPERIMENTAL
RESULTS

A. COMPARISON OF THE SIMULATIONS AND THE EXPERIMENTAL RE-
SULTS

To validate the simulation results they had to be compared with those from the

experiments.

The data which can be compared are the TOA of the jet at the different target plates,

the total penetration depth and the hole sizes. Additionally the jet tip velocity was measured

in tests 11,12 and 13 by Mason.

Basis for all simulations was a simulated charge following the experimental prop-

erties, with the calculation stopped as the jet tip reached the stand off distance.

1. Jet tip velocity

The jet tip velocity was measured by Mason, using a laser system. Basically a laser

beam was split and sent on two photo diodes. When the jet traveled through the beam, the

intensity drop was measured and the velocity was calculated.

Mason measured velocities of6.18, 6.43 and7.04 km
s

in test 11,12 and 13. While

the method worked very well in the two first test, the intensity drop was quite diffuse in the

last test, which was the cause of the calculated very high tip velocity. The reason for that

stayed unknown. The result is considered strongly distorted, because the value is unrealistic

high.

The tip velocity in the AUTODYN simulations was6.16m
s

, which is a difference to

the average value from the experiments not including the last value,6.3km
s

, of 2.3%.

This difference is very small if compared with the uncertainties in the assembling

of the shaped charge and the possible errors in the measurement and the limits of the com-

putation.
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Figure 37: Comparison of the TOA from the experiments with water as submerging fluid
and the matching simulation

2. TOA

Figure 37 provides the TOA data from the different experiments and the simula-

tion67.

The TOA data was triggered with the ignition of the explosive. Therefore the data

includes not only the time which was needed to form the jet and allowing it to travel up to

the first plate, but additionally the delay of the detonator. This detonator was not simulated,

67The complete TOA data for all tests involving the plate array can be found in appendix F in table 10 of
the penetration through the water submerged targets. The data includes the previous experiments displayed
in IID as well as those from additional experiments, which are discussed in VI.
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and therefore the simulated jet reached the first plate slightly earlier than the ones in the

experiments68.

Additionally the time between the initiation and the impact at the first plate is influ-

enced by the detonator, too. Therefore the only way to truly compare TOA data is to adjust

it to the time of impact at the first plate. This adjustment is included in figure 37.

The difference between the simulation and the experiments is reasonable small,

especially in the first plates. Along the penetration path this difference is increasing, which

could be a hint for the increasing influence of the reaction on the erosion69.

3. Penetration Depth

In the water experiments the jet penetrated plate9 in test12 and1370, and clearly hit

plate10 in test4 but did not penetrate through. In tests 11, 1 and 2 it reached plate 7, 8 and

7. In the simulation the jet was able to penetrate much further, up to plate15 which equals

an increase of more than50% if compared with the deepest experimental penetration. It is

important to note that penetration cutoff criteria, usually invoked in these type of estimates

was not employed because of the nature of the target. This is most likely the cause of this

difference between simulation and experiment along with the fact that the simulation treats

the charge as a perfect assembly without grain boundaries leading to a perfectly aligned jet.

This is believed to be caused by the fact that in the simulation the the jet is perfect

aligned along the axis of symmetry eliminating any chance of multiple impacts against the

plates. In the reality this is not the case; the jet parts tumble and drift off-axis during the

process. This becomes more obvious when the hole diameters are compared, as done in the

following section.

Like discussed in I4 and 1 the jet forming process is very vulnerable for disturbance

like asymmetries. It is very difficult to maintain exact specifications.

68The average TOA at the first plate of the experiments was62.4s, and the jet reached that plate after53.2s
in the simulation, which is a difference of14.7%.

69It is difficult to find one reason due to the many possible influences. Still, the simulation is of a absolute
perfect charge, which will never be the case in reality. The mentioned reason, however, matches further
results.

70It was not sure if the jet reached plate10 in test13.
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4. Hole Diameter
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Figure 38: Comparison of the hole diameters in the plates from the water experiments and
the matching simulation

Figure 38 displays the hole diameters of the simulation and the experiments. The

simulation gave smaller diameters; the average difference is31.5%. This is strong evidence

for the fact that the real jet was not as perfect as the simulated one71.

Hole diameter differences between tests are a reflection of charge variations. The

differences between average hole diameters (shown in Figure 39) and the simulation result

from the noted charge perfection implicitly assumed in the simulation and actual condi-

tions, which lead to larger holes because of jet turning and multiple impacts, a greater rate

of jet expenditure and finally less penetration than predicted.

71The hole diameters for the first three plates are a combination of two simulations, one containing only
the jet, the other only the slug. The influence of the slug and general related issues are discussed in VD2
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Figure 39: Comparison of the average hole diameters in the plates from the water experi-
ments and the matching simulation

B. MASS DISTRIBUTION AND POTENTIAL CHEMICAL ENERGY IN THE
TARGET

An objective of this research is to identify and -if possible - quantify the source(s)

of energy responsible for the observed deformations of the water submerged plates. The

almost identical penetration rates and depth reached by the jet in oil and water and the

differences in resultant deformation suggests that reactions of the aluminum liner with the

water and those leading to voluminous gas release must be responsible. The similarities

in the penetration of the spaced targets in the two fluids suggest that deposits of jet mass

between plates are close to the same. The large deformation at penetration termination

might be caused by the reaction of the relatively large mass in the jet tail that travels to

slow to penetrate further. It is important to note that jet mass increases along the jet length,

thus there is also a large amount of mass along the slow portion of the jet stream.

The following analyses outline the methodology for tracking jet through the target

and estimating the quantity between the final plates. The different approaches are narrow-
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ing down the magnitude of the available reactive mass for the combustion, which gives a

range of the possible release of chemical energy. All mass distribution data can be found

in appendix H.

1. Mass Distribution Estimation from AUTODYN Penetration Simulations

In the target simulations the estimation delivers a upper and a lower limit of the

mass which is distributed between the plates in a water simulation. The lower limit is the

value for the case that the jet is penetrating much further than observed in the experiments,

so that only the mass eroded by the usual effects is distributed. Figure 40 displays results,

leaving out the mass which is distributed before the first plate (3g).
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Figure 40: Minimum mass distribution in the water simulation. The mass distributed before
the first plate is not included.

The distributed mass is relatively stable; the amount which is eroded between plate

9 and 10 is0.29g which has a chemical energy of4.123kJ .
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Assuming that the penetration stops at this plate and the complete jet portion which

is traveling further in the simulation is available for the combustion at that very place, there

would be1.49g of aluminum or22.976kJ potential chemical energy, respectively.

In summary, this result of this approach is that the mass distributed between the

ninth and tenth plate is in the magnitude of0.3 to 1.5 grams, with a possible chemical

energy release between4.2 and23kJ .

An additional simulation was done using oil. The mass distribution data differs very

little from the water simulation, and can also be found in the appendix.

2. Mass Distribution Estimation from TOA and Cumulative Mass Data

Due to the fact that the jet performance was changing in the experiments, which is

usual, the available information changes, too.

The experiments which are analyzed here were those with the best jet performance

in terms of penetration depth, Test 12 and Test 13 from Masons Test and Test 4 from the

recent experiments described in VH. The data for all tests can be found in appendix E.

TOA data were not available for all experiments, especially data for the last plates.

This fact narrows the number of tests which are matching for the approach down to Test 13

and Test 4. Test 13 was the only test which was done in Oil; however it can be used because

besides from the additional erosion, which is small, the data is absolute comparable with

the water test, and the penetration performance in Test 4 was even better.

Figure 18 shows the distribution data for Test 13.

The most mass is distributed before the first plate. In this portion of the target,

which is63.5mm of water, the heavy tip of the jet is eroded. Although this implies strong

possible deformation due to the high amount of chemical energy, there is no measurable

effect because (i) the slug is hitting the first plates too72 and (ii) the first plate is not or not

much shielded from the explosion gases.

72See also section V D2
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Figure 41: Mass distribution between the target plates of Test 13

Along the penetration path it is noticeable that the mass distribution increases up to

the maximum of0.9g of aluminum.

In figure 21 the same data is shown for Test 4, which was the one were the jet

penetrated the longest distance. Unfortunately the measuring instrument for the first three

plates failed in the test. Still the remaining data is very good.

The mass that is distributed between the ninth and tenth plate is1.423g, which is

right below the maximum estimation from the simulation results.

All results from the TOA data estimations show the clear trend already found be-

fore: due to the increase of radius and the resulting increase of jet mass in the later parts of

the jet the distributed mass is also increasing.
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Figure 42: Mass distribution between the target plates of Test 4

C. TARGET PLATE DEFORMATION DUE TO PENETRATION

The plate deformation was estimated using ANSYS WORKBENCH EXPLICIT

DYNAMICS 3D simulations, where a part of the jet and the slug were released against the

plate. The complete results can be found in appendix I. In the following sections the first

and the ninth plate, the last one completely penetrated in the tests, are shown in detail.

Figures 63 and 44 are showing the deformation in the z-direction along the diagonal

path of the plate. The red graph shows the experimental data while the blue one shows the

simulation results.

In the first plate the strong influence of the slug becomes noticeable, if the defor-

mation is compared with the one that would be caused by the jet only, like in figure 45. In

the simulation with the jet alone the plate stays mostly in its initial shape, with a relatively

small hole where the jet penetrated it. This is tipical for penetrations involving such very
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Figure 43: Plate 1 Penetration Simulation
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Figure 44: Plate 9 Penetration Simulation

high velocities (more than4000m
s

of this jet parts). The much slower but heavier slug leads

to a strong deformation of the plate and, additionally, a bigger hole.

The slug was able to penetrate plates one and two till it stopped in plate three73,

deforming it remarkably. In Test 13 it seems that at least parts of the slug reached beyond

plate three, which would explain the differences of the results in plate four.
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Figure 45: Comparison of Plate one deformation due to jet and slug penetration in the
simulation.

In the ninth plate an offset between the holes can be observed. This is a hint for

jet imperfection, because the jet does not travel on a centric path. This eccentricity will

73In Test 2 it stuck in plate four.
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decrease the ability to penetrate, which would explain the difference between the observed

and the simulated penetration performance.

In all cases the matching between the experiments and the simulations was rela-

tively good. Noticeable differences are mostly due to asymmetries, where the plates were

deformed different on both sides of the hole. Due to the perfect symmetric character of the

simulations something like that could not be observed.

Additionally, the discussed influence of the slug becomes very obvious. Even

though it is relatively slow when compared with the jet, it still contains remarkable kinetic

energy due to its mass.

Still, the deformation of the last plates cannot be explained by kinetic energy, be-

cause the slug would not be able to penetrate that far.

D. TARGET PLATE DEFORMATION DUE TO PRESSURE LOAD

Initially the plate was deformed just by applying a pressure. It was noticed that

the deformation was differing in its type from the one observed in the experiments, like in

figure 46.
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Figure 46: Comparison of the diagonal plate deformation due topressure load in the simu-
lation (blue) and the water experiments (red). The red arrow points at the differing bend.

Therefore the ring described in VE2 was included, which gave much better match-

ing. It stops the deformation of parts of the plate at the value which was observed in the

experiments.
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The initial chosen pressure was1Mpa and was increased up to4MPa. Then the

deformation was compared with the data from the experiment, like in figure 48, where the

blue line shows the simulation while the red one shows the experimental results. Figure

47 shows the total deformation of the target plate in the WORKBENCH simulation for a

pressure load of4MPa.

Figure 47: Example plate deformation in the ANSYS WORKBENCH pressure load simu-
lation

The matching turns out to be very impressive. Additionally the decision of deter-

mining the deformation due to pressure only for the plates after number eight was justified.

The deformation in plates eight, nine and ten was was reached by applying1.25, 3

and2.5MPa of pressure. The work which was dissipated in these plates was70.8, 343.2

and247.588J .
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Figure 48: Plate8 to Plate 10 diagonal deformation from the WORKBENCH simulation in
blue and Test 12 in red

E. ANALYSIS OF THE AVAILABLE MASS AND DEFORMATION RATIO

The amount of mass which is distributed between plate nine and ten is in the area

of 1 to 1.5g, which equals a potential chemical energy of15.4 to 23kJ if calculated by the

approach using the TOA data. The AUTODYN simulation also predicted the maximum of

the available mass to be1.5g, and a minimum of0.29g.

The plastic work which is dissipated in the plates is in the magnitude of ca.0.25 to

0.35kJ , or 1 to 2.3%.

This ratio seems to be quite reasonable. The complete system is a thermodynamic

process. To give a basic idea of the energy ratios in combustion and explosion processes

one could think of the firing of a gun, like a howitzer. In such a weapon roughly20 to 30%
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of the chemical energy of the propellant are dissipated into kinetic energy of the projectile,

while most of it is lost entropy. The same applies to engines, and of course explosives74.

Furthermore, the values represent only the final plastic work. There is a lot more

work done in the target during the displacement of the water.

Taking this into account, the ratio seems quite reasonable and should be expected

dealing with effects like this.

74Tests which try to measure the strength of an explosive are allways fairly qualitative. Some are explained
in [Hom02] and include the ”Jumping Mortar Test” and ”The Crater Method”, which compare different
explosives by the damage they cause or the distance how far they are able to throw things. A promissing test
is the ”Aquarium Test”, which includes the explosive ignited under water and measuring the impact wave
with lead or copper membranes
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VIII. CONCLUSIONS

This research is dedicated to understanding the possible role that hydro-reaction of

combustible metals might contribute to the terminal ballistics of shaped charges against un-

derwater vessels. Investigations during this year have focused on understanding results of a

series of tests conducted by Glumac and co-workers in which there were found substantial

deformation in localized sections of water-submerged spaced target arrays resulting from

the impact and penetration of aluminum jets [Mas10].

During the investigations, reported herein additional experimentation was performed

jointly with Glumac, confirming previous results and a comprehensive set of computations

performed for the purposes of identifying and quantifying jet energetics responsible for

the observed results. The potential kinetic and chemical energy deposition of the jet dur-

ing penetration are traced using the previously validate finite difference code and specialty

post-processors. The results from these computations are then used to estimate the energy

and fraction of deposited jet mass required to affect the observed target deformations. The

effect of hydro-reaction is clearly shown from these analyses.

In addition to extending the experimental database, an attempt was made towards

determining the dynamics of chemical energy release. That is, we wished to determine

whether energy release occurs within the time period of penetration or is delayed. These

failed attempts included high-speed photography at UIUC.

Predicted characterization of the 50mm aluminum-lined shaped charge designed

and tested by UIUC from the AUTODYN computations include jet velocity and cumulative

velocity. The tip velocity compares well with UIUC data; albeit that flash radiography

would have led to a more accurate method of determination.

There is shown that average penetration resistance of the oil simulates matches that

of inert water within 3-4 percent and the resistance of each agree with hydrodynamic pen-

etration theory. Predicted time of arrivals through the spaced target submerged in the inert

fluid simulant is also very close showing that the qualitative accuracy of the charges man-
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ufactured. The small differences that are estimated are ascribed to slight imperfections in

materials and eccentricities which are not taken and can not be into account in the com-

putations in lieu of microscopic grain structure detail and (of each liner) and inspection

data of all parts and the charge assembly, respectively75. Differences between predicted

and experimentally determined time-of-arrivals through the water submerged target arrays

are found to be slightly larger and perhaps associated with hydro-reactive induced erosion,

which slows penetration procession, however the differences are too small in this case for

firm conclusion.

Approximately 15 percent of the liner mass jets, (ca. 4.4 grams) based on the com-

putations. The accurate predictability of times-of-arrival provides good bases for estimating

jet mass erosion and deposition between target plates. As with constant angle lined charge,

jet mass increases along the jet length (and with jet velocity decrease). Eroded mass and

mass deposition between plates are estimated by matching the velocities of jet impact from

the TOA and the increments of mass predicted in the computations.

The kinetic and chemical energy required deform observed plate deformations are

then estimated and the fraction of jet energy deposited between plates are then estimated

based on aluminum-water thermochemistry and jet mass trapped between plates. Of the

4.4 grams of jet mass, 1 to 1.5 grams is becomes trapped between the last plate penetrated

and the not penetrated plate in the path of the jet. It is estimated that 1-2.3 percent of the

chemical potential of this aluminum segment is responsible for the observed deformation

assuming that the jet segment reacts entirely between these two plated. Previous work,

however, as shown that appreciable reaction can occur during transit through water. An-

alytical assessments of collected residues reveal much greater chemical transformation as

well, but of course this debris might have reacted at times long after the penetration event.

Thus the percentage of reaction responsible for the observed deformations is most likely

much greater.

75It should also be noted that the computations are not stochastic: All materials, dimensions, material
response models, grid dimensions and zoning are fixed.
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Along with the excellent agreement between predicted and experimentally deter-

mined jet times of arrival, there is also good agreement with respect to the disposition of

the slug. It is obvious from the appearance of the plates along the early path of the jet that

the slug does not reach beyond the fourth plate in the array (in one experiment the slug was

trapped in the fourth plate), and therefore is does not contribute to the major deformation

observed along the deeper elements of the target array. Computational predictions confirm

this conclusion.

It is concluded that hydro-reaction indeed contributes to the underwater perfor-

mance of reactive jets and that a developed methodology can be employed to equate the

exact nature of chemical contribution. The conclusion is supported by (i) accurate exper-

imental comparisons against targets submerged in water and an inert water-simulant, and

(ii) validated computational modeling76. Supporting evidence of pre-impact hydro-reactive

induced erosion from previous slower long-rod impact investigation could not be abso-

lutely confirmed. This might have been limited by the physical size of the experimental

devices. The validated methodology should be useful in assisting in the planning of future

collaborative experimental investigations between NPS, UIUC and NSWC, and in predict-

ing performance and meeting the challenge of incorporating reactive liner materials for

enhanced terminal effects from warheads at realistic size.

76NPS investigators have shown in other shaped charge studies and design efforts the accuracy of developed
techniques using the ANSYS AUTODYN finite difference code.
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IX. RECOMMENDATIONS

Different issues are still uncertain in this research topic.

Although the experiments conducted so far show good compliance, more data is

necessary, especially for the hole sizes and the TOA through the complete target. Addi-

tional test using oil should be considered to support the results derived from this data.

At the end of the research the deformation data of the additional experiments was

available but could not be included due to the lack of time. Based on preliminary inspection

the deformations are close to those examined from the prior tests. It should be evaluated

and compared with the results herein, especially concerning the plastic deformation in the

successful filter test.

Furthermore, tests should be conducted were the exact time when the deformation

is occurring, which is still unknown, is determined. After the approach of using imaging

systems was shown to be not feasible in recent experiments, maybe strain gauges could be

used. Having this information and comparing it with the data from more oil tests would

provide additional evidence for the combustion effect being responsible for the deforma-

tion.

While the energy dissipated in the plastic deformation of the target plates could be

estimated quite exactly the amount needed for the displacement of the fluid and the general

flow process stays unknown. Techniques should be developed which include the geometry

of the actual setup leaving the non liquid parts rigid and concentrating on the flow process

alone, thus providing the possibility to combine the results.
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A. DIMENSIONS OF THE TARGET

Figure 49 shows the described target and the dimensions.
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Figure 49: Sketch of the complete target setup showing the charge, the plate stack and the
containing tank as well as the dimensions.
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B. DRAWINGS AND DIMENSIONS OF THE CHARGE

Figure 50 shows the dimensions of the used liner. Figure 51 shows the dimensions

of the used Confinement. Both figures are from [Mas10]. All dimensions in inch.
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C. OVERVIEW OF THE EXPERIMENTS

The following table 5 displays a brief overview of the conducted preliminary and

recent experiments.

The two test types, being a stack of plates or one thicker filter plate followed by a

stack of plates are refered to as type ”Plates” or ”Filter Plate”, respectively. The submerging

fluid is also mentioned.

For the filter tests there were two gauges on the first plate, on the top and on the

bottom. Both are counted separately.
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Test
Name

Test
Type

Plates
Pene-
trated

TOA-
Data

Remarks

Preliminary
Tests

11 Plates
Water

7 1-5

12 Plates
Water

9 1-5

13 Plates
Oil

9 1-10 It was unclear if the jet hit plate 10. Only oil test.

Recent
Tests

1 Plates
Water

8 1-9 The jet clearly hit plate 9, but did not penetrate it.

2 Plates
Water

7 1-8 The jet clearly hit plate 8, but did not penetrate it.

3 Filter-
Plate
Water

0 1 The jet was not able to penetrate the filter plate. TOA
is only available for the gauge on top of the filter plate

4 Plates
Water

9 4-10 Best jet performance in terms of penetration of all
tests. The jet reached clearly plate ten, but was not
able to penetrate it.

5 Filter-
Plate
Water

1 + 4 4-6 The jet penetrated the filter plate and stopped after the
following fourth plate.

Table 5: Overview of the Tests
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D. COMPARISON OF THE DEFORMATION IN THE WATER
AND OIL TESTS

The following figures show the comparison between the diagonal displacement in

the z-direction of Test 12 (water) in red and Test 13 (oil) in blue for all plates up to number

12.
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Figure 52: Plate 1 Deformation in Test 12 and Test 13
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Figure 53: Plate 2 Deformation in Test 12 and Test 13
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Figure 54: Plate 3 Deformation in Test 12 and Test 13
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Figure 55: Plate 4 Deformation in Test 12 and Test 13
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Figure 56: Plate 5 Deformation in Test 12 and Test 13
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Figure 57: Plate 6 Deformation in Test 12 and Test 13

10
0

0

−10

−20

−30

−40 −100 −50 50 100

Figure 58: Plate 7 Deformation in Test 12 and Test 13
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Figure 59: Plate 8 Deformation in Test 12 and Test 13
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Figure 60: Plate 9 Deformation in Test 12 and Test 13
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Figure 61: Plate 10 Deformation in Test 12 and Test 13
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Figure 62: Plate 11 Deformation in Test 12 and Test 13
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E. RESULTS OF THE ADDITIONAL EXPERIMENTS

Tables 6 to 9 are displaying the TOA and the hole diameter data gathered for the

experiments at the UIUC.

In the tablesn.D. stands forno Data.

Test1,2 and 4 are repetitions of Masons Tests. Test 3 and 5 are the mentioned filter

tests.

In Test 4 and 5 the first three TOA gages could not be measured.

Plate Number TOA in s Hole Diameter inmm

1 60.800 16.490
2 70.500 15.060
3 81.600 13.670
4 94.800 8.590
5 109.000 6.850
6 126.000 7.480
7 149.000 7.430
8 164.000 6.080

Table 6: Test results for Test 1

Plate Number TOA in s Hole Diameter inmm

1 61.500 20.890
2 71.300 15.140
3 82.500 10.830
4 96.400 7.440
5 111.000 7.550
6 131.000 7.470
7 152.000 7.750
8 182.000 n.D.

Table 7: Test results for Test 2
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Plate Number TOA in s Hole Diameter inmm

1 n.D. 16.120
2 n.D. 14.350
3 n.D. 10.360
4 94.300 7.430
5 112.100 7.310
6 129.100 7.190
7 149.500 6.690
8 176.700 5.690
9 205.300 5.350
10 247.300 n.D.

Table 8: Test results for Test 4

Plate Number TOA in s Hole Diameter inmm

1 n.D. 12.540
1 n.D. 10.020
2 n.D. 9.810
3 129.000 8.700
4 155.000 6.740
5 192.000 n.D.

Table 9: Test results for Test 5
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F. COMPLETE TOA AND HOLE DIAMETER DATA

Table 10 shows the TOA data for all tests involving the plate array. All times are in

s. In the tablen.D. stands forno Data.

Table 11 shows the hole diameter data likewise. All diameters are inmm.

Plate Number Test11 Test12 Test13 Test1 Test2 Test4

1 65.300 63.500 60.900 60.800 61.500 n.D.

2 74.500 72.500 71.100 70.500 71.300 n.D.

3 87.900 84.300 84.300 81.600 82.500 n.D.

4 101.000 97.900 97.300 94.800 96.400 94.300
5 119.000 112.000 110.000 109.000 111.000 112.100
6 n.D. n.D. 127.000 126.000 131.000 129.100
7 n.D. n.D. 143.000 149.000 152.000 149.500
8 n.D. n.D. 166.000 164.000 182.000 176.700
9 n.D. n.D. 189.000 n.D. n.D. 205.300
10 n.D. n.D. n.D. n.D. n.D. 247.300

Table 10: Complete TOA Data

Plate Number Test11 Test12 Test13 Test1 Test2 Test4

1 16.000 18.000 23.000 16.490 20.890 16.120
2 13.000 14.000 18.000 15.060 15.140 14.350
3 15.000 13.000 14.000 13.670 10.830 10.360
4 13.000 8.000 8.000 8.590 7.440 7.430
5 8.000 7.000 6.000 6.850 7.550 7.310
6 7.000 7.000 7.000 7.480 7.470 7.190
7 6.000 6.000 7.000 7.430 7.750 6.690
8 4.000 5.000 6.000 6.080 n.D. 5.690
9 n.D. 4.000 6.000 n.D. n.D. 5.350

Table 11: Complete Hole Diameter Data
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G. MATERIAL PROPERTIES FOR THE AUTODYN
SIMULATIONS

Coefficient NM

Equation of State JWL
Reference density 1.12800E+00 g

cm3

Parameter A 2.0925E+08kPa
Parameter B 5.6890E+06kPa
Parameter R1 4.4000E+00
Parameter R2 1.2000E+00
Parameter W 3.0000E-01
C-J Detonation velocity 6.2800E+03m

s

C-J Energy / unit volume 5.1000E+06kJ
m3

C-J Pressure 1.2500E+07kPa
Burn on compression fraction 0.0000E+00
Pre-burn bulk modulus 0.0000E+00kPa
Adiabatic constant 0.00000E+00kPa
Auto-convert to Ideal Gas Yes
Additional Options (Beta) None
Strength None
Failure None
Erosion None
Material Cutoffs
Maximum Expansion 1.00000E-01
Minimum Density Factor 1.00000E-06
Minimum Soundspeed 1.00000E-06m

s

Maximum Temperature 1.01000E+20K

Table 12: Material Properties for Nitromethane
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Coefficient AL2024T351 Steel 1006 Oil/Water

Reference density 2.785E+00 g
g/cm3

7.896E+00 g
g/cm3

9.200E-01/1.000E-1 g
g/cm3

Grueneisen coefficient 2.000E+00 2.170E+00 0.000E+00
Parameter C1 5.328E+03m

s
4.569E+03m

s
1.647E+03m

s

Parameter S1 1.338E+00m
s

1.490E+00m
s

1.921E+00m
s

Parameter Quadratic S2 0.00000E+00s
m

0.00000E+00s
m

0.00000E+00s
m

Relative volume, VE/V0 0.000E+00 0.000E+00 0.000E+00
Relative volume, VB/V0 0.000E+00 0.000E+00 0.000E+00

Parameter C2 0.000E+00m
s

0.000E+00m
s

0.000E+00m
s

Parameter S2 0.000E+00 0.000E+00 0.000E+00
Reference Temperature 3.000E+02K 3.000E+02K 3.000E+02K

Specific Heat 8.750E+02 J
kgK

4.520E+02 J
kgK

0.000E+02 J
kgK

Thermal Conductivity 0.000E+00 J
mKs

0.000E+00 J
mKs

0.000E+00 J
mKs

Strength Johnson Cook Johnson Cook None
Shear Modulus 2.760E+07kPa 8.180E+07kPa None

Yield Stress 2.650E+05kPa 3.500E+05kPa None
Hardening Constant 4.260E+05kPa 2.750E+05kPa None
Hardening Exponent 3.400E-01 3.600E-01 None
Strain Rate Constant 1.500E-02 2.200E-02 None

Thermal Softening Exponent 1.000E+00 1.000E+00 None
Melting Temperature 7.750E+02K 1.822E+03K None

Ref. Strain Rate1
s

1.000E+00 1.000E+00 None
Strain Rate Correction 1st Order 1st Order None

Failure None None None
Erosion None None None

Material Cutoffs
Maximum Expansion 1.000E-01 1.000E-01 1.000E-01

Minimum Density Factor 1.000E-04 1.000E-04 1.000E-04
Minimum Soundspeed 1.000E-06s

m
1.000E-06s

m
1.000E-06s

m

Maximum Temperature 1.010E+20 K 1.010E+20 K 1.010E+20 K

Table 13: Material Properties for the AUTODYN penetration simulations

116



H. RESULTS OF THE MASS DISTRIBUTION ESTIMATIONS

The following tables are providing the mass distribution data from the various ap-

proaches. The mass values represent the amount of aluminum which is eroded from the jet

before each plate.

Only the plates were TOA data was available is included, which explains the differ-

ences.

The huge amount of mass which is distributed before plate one is due to the heavier

tip, which is eroded int the relatively thick water portion before the first plate.

Plate Number Distributed Mass ing Possible Chemical Energy Release inkJ

1 3.016 46.451
2 0.068 1.044
3 0.102 1.571
4 0.133 2.047
5 0.132 2.027
6 0.143 2.200
7 0.202 3.104
8 0.238 3.673
9 0.261 4.017
10 0.374 5.762
11 0.457 7.035
12 0.468 7.202
13 0.531 8.178
14 0.398 6.135
15 0.561 8.640

Table 14: Mass distribution data from the water simulation
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Plate Number Distributed Mass ing Possible Chemical Energy Release inkJ

1 3.074 47.338
2 0.092 1.414
3 0.102 1.573
4 0.111 1.710
5 0.102 1.578
6 0.244 3.757
7 0.114 1.760
8 0.297 4.567
9 0.362 5.582
10 0.412 6.341
11 0.512 7.880
12 0.392 6.032
13 0.535 8.238
14 0.357 5.500
15 0.834 12.837

Table 15: Mass distribution data from the oil simulation

Plate Number Distributed Mass ing Possible Chemical Energy Release inkJ

1 2.448 37.703
2 0.327 5.031
3 0.513 7.906
4 0.686 10.557
5 1.585 24.407

Table 16: Mass distribution in Test 11

Plate Number Distributed Mass ing Possible Chemical Energy Release inkJ

1 2.368 36.468
2 0.281 4.332
3 0.392 6.030
4 0.553 8.509
5 0.823 12.681

Table 17: Mass distribution in Test 12
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Plate Number Distributed Mass ing Possible Chemical Energy Release inkJ

1 2.816 43.364
2 0.176 2.707
3 0.225 3.467
4 0.254 3.918
5 0.279 4.299
6 0.491 7.566
7 0.615 9.474
8 0.957 14.738
9 0.953 14.680

Table 18: Mass distribution in Test 13

Plate Number Distributed Mass ing Possible Chemical Energy Release inkJ

1 2.718 41.852
2 0.180 2.768
3 0.227 3.503
4 0.316 4.859
5 0.384 5.920
6 0.633 9.748
7 1.203 18.533
8 0.800 12.318

Table 19: Mass distribution in Test 1

Plate Number Distributed Mass ing Possible Chemical Energy Release inkJ

1 2.734 42.104
2 0.217 3.335
3 0.256 3.943
4 0.362 5.575
5 0.497 7.661
6 1.032 15.899
7 1.250 19.256
8 1.582 24.360

Table 20: Mass distribution in Test 2
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Plate Number Distributed Mass ing Possible Chemical Energy Release inkJ

4 4.242 65.321
5 0.403 6.211
6 0.480 7.397
7 0.536 8.254
8 0.800 12.318
9 0.791 12.175
10 1.423 21.918

Table 21: Mass distribution in Test 4
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I. RESULTS OF THE ANSYS WORKBENCH PENETRATION
SIMULATIONS

Figure 63 to 44 display the diagonal deformation of the target plates due to pene-

tration. The blue graph shows the simulation results while the red graph shows the data of

Test 13. Table 22 shows the jet values used for the simulation.

Plate Number length in mm r in mm adapted r in mm v in m
s

1 4.004 2.25 1.026 4580.704
2 4.804 2.25 1.124 4346.874
3 5.005 2.50 1.275 4050.856
4 6.407 2.75 1.587 3732.450
5 6.206 3.00 1.704 3331.954
6 7.608 3.50 2.201 2933.947
7 4.004 4.50 2.053 2411.561
8 6.206 6.00 3.407 1814.550
9 6.532 4.50 2.623 1043.410

Table 22: Values for the penetration simulations
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Figure 63: Plate 1 Penetration Simulation
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Figure 64: Plate 2 Penetration Simulation
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Figure 65: Plate 3 Penetration Simulation
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Figure 66: Plate 4 Penetration Simulation
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Figure 67: Plate 5 Penetration Simulation
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Figure 68: Plate 6 Penetration Simulation
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Figure 69: Plate 7 Penetration Simulation
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Figure 70: Plate 8 Penetration Simulation
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Figure 71: Plate 9 Penetration Simulation
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J. DESCRIPTION OF CREATING GEOMETRY FOR AUTODYN
WI TH MATLAB

As mentioned before, the possibilities of creating geometries in Autodyn are very

restricted. Especially the impossibility of saving certain geometry to reuse the setting in

different simulations is time-consuming.

There is a way to built the geometry using the design modeler tool which is part

of the WORKBENCH package and coupling this with an AUTODYN simulation. This is

a beta option and relatively complicated. It was observed that it leads to very high energy

errors in shaped charge simulations in release 12.1, and a lot of system crashes in release

13.0.

Hasenberg mentioned a method in [Has10] importing geometry from files created

with MATLAB. A technique like that was used for the charge creation in this research. It

is very simple and showed good results.

Autodyn can import geometry from TRUEGRID77, which produces .zon files. The

relative simplicity of these files allows generating geometry with easy mathematical meth-

ods. These files have a build-up which is described in figure 72.

Header IMPLICIT
Part name LINER
Number of nodes (i and j) 1 2 1 2
x- and y- coordinates of the node 1,11.0 1.0
node 1,2 1.0 2.0
node 2,1 2.0 1.0
node 2,2 2.0 2.0
End of file END

1, 1

1, 2

2, 1

2, 2

i

j

x

y

Figure 72: Build-up of a .zon file (left) and the matching simple example consisting of one
cell (right)

77TRUEGRID is a mesh generator and preprocessing software.

125



The main information included in the header is the part name and the number of

nodes in every dimension. For shaped-charge simulations usually 2D-setups are chosen.

Therefore only i and j are needed to describe the part. It is possible to describe 3D parts by

adding a k index and a third row.

Creating geometries for Autodyn with that sort of file is easy, as long one (i) stays

with 2D problems and (ii) chooses forms which can be described by continuous functions.

It is not necessary that all defining edges are describable in one continuous function, but the

edges should be able to be divided in such parts. If not, every node must be programmed

by hand.

Figure 73: Grid of the sphere and the explosive after importing into AUTODYN
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Normally shaped charges meet all this preconditions perfectly. The fact that the part

will be later filled into the main blast area-part in AUTODYN allows to mesh the part by

just two nodes in the j direction and describing the whole part with a closed curve around

it, similar like the sphere shown in figure 73. The whole part is described by a simple line

of cells, with only one cell in the j-dimension.

r

t

x0

α

x

y

xi

yi

1, 11, 2

2, 1

2, 2

n, 1 n, 2

Figure 74: Set-Up and values of the MATLAB function to create the hollow sphere

The following MATLAB-Code produces two parts (a hollow sphere and a explosive

core) and exports them into two .zon files, which can be easily imported into AUTODYN.

After importing they need to be filled with material and can be filled into any other part.

The parameters that are used can be seen in figure 74, which shows these parameters for

the hollow sphere.
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2 f unc t i on Geomet ryCrea to r

4 % Main−s c r i p t f o r programming g e o m e t r i e s f o r Autodyn i n an . zon f o r m a t

5 % ( t r u e g r i d ) .

6 % The f u n c t i o n c r e a t e s a 2D−Geometry , c o n s i s t i n g o f a ho l l ow s p h e r e f i l l e d

7 % w i t h an e x p l o s i v e p a r t .

9 cl o s e a l l ;

10 cl e a r a l l ;

12 r = 100 ; % i n n e r r a d i u s o f t h e s p h e r e

13 t = 5 ; % T h i c k n e s s o f t h e s p h e r e

15 x0 = 20 ; %x−v a l u e o f t h e c e n t e r o f t h e s p h e r e .

16 n = 20 ; % Number o f nodes i n t h e i−d i r e c t i o n

19 % Due t o t h e s t r u c t u r e o f . zon f i l e s t h e ho l l ow s p h e r e w i l l c o n s i s t o f two

20 % bows , on which t h e nodes w i l l be p l a c e d . Due t o t h e 2D c h a r a c t e r o n l y

21 % h a l f o f t h e s p h e r e i s c r e a t e d .

22 % Each bow c o n t a i n s n+1 rows and 2 co l lumns , f o r t h e x and y v a l u e s o f e v e r y

23 % node .

25 i nnerbow = ze ros( n + 1 , 2 ) ;

26 outerbow = ze ros( n + 1 , 2 ) ;

28 al p h a = 0 :p i / n : p i ;

29 f o r i = 1 : n+1

30 i nnerbow ( i , 1 ) = x0−r ∗ cos( a l p h a ( i ) ) ;

31 i nnerbow ( i , 2 ) = r∗ s i n ( a l p h a ( i ) ) ;

33 outerbow ( i , 1 ) = x0−( r + t )∗ cos( a l p h a ( i ) ) ;
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34 outerbow ( i , 2 ) = ( r + t )∗ s i n ( a l p h a ( i ) ) ;

35 end

37 % The e x p l o s i v e p a r t s h a r e s h a l f o f i t s nodes w i t h t h e i n n e r bow , and t h e

38 % o t h e r h a l f i s s i t u a t e d on t h e x−a x i s . They have t h e same x−v a l u e s as t h e

39 % ones i n t h e bow .

40 % The f i r s t and l a s t nodes o f bo th l i n e s have t h e same v a l u e s .

42 Ou t e r E x p l o s i v e = innerbow ;

44 I n n e r E x p l o s i v e = innerbow ;

46 I n n e r E x p l o s i v e ( : , 2 ) = 0 ;

48 % Now t h e p a r t s can be w r i t t e n i n t o two . zon f i l e s , which can be i m p o r t e d

49 % i n t o AUTODYN .

51 f i d = fopen ( ’ Sphere . zon ’ , ’ wt ’ ) ;

52 f p r i n t f ( f i d , ’ IMPLICIT \n ’ ) ;

53 f p r i n t f ( f i d , ’SPHERE\n ’ ) ;

54 f p r i n t f ( f i d , ’%d %d %d %d\n ’ , 1 , n + 1 , 1 , 2 ) ;

56 f o r i =1 : n+1

57 f p r i n t f ( f i d , ’ %1.5 f %1.5 f\n ’ , innerbow ( i , 1 ) , innerbow ( i , 2 ) )

58 f p r i n t f ( f i d , ’ %1.5 f %1.5 f\n ’ , outerbow ( i , 1 ) , outerbow ( i , 2 ) )

59 end

60 f p r i n t f ( f i d , ’END’ ) ;

61 f c l o s e( f i d ) ;
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